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(54) SiC ELEMENT AND PROCESS FOR ITS PRODUCTION 

(57) A method for manufacturing a deN^ice of silicon 
carbide (SiC) and a single crystal thin film, which are 
wide band gap semiconductor materials and can be 
applied to semiconductor devices such as high power 
devices, high temperature dev/ices. and environmentally 
resistant devices, is provided by heating a silicon car- 
bide crystal in an oxygen atmosphere to form a silicon 
(cfi)oxide thin film on a silicon cart^ide crystal surface, 
and etching the silicon (di)oxide thin film formed on the 
silicon carbide crystal surface. The above SiC device 
comprises a surface having patterned steps and ter- 
races, has a surface defect density of 10® cm'^ or less, 
or has at least a layered structure in which an n-type sil- 
icon carbide crystal is formed on an n-type Si substrate 
surface. 
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Descripti n 
Technical Field 

The present invention relates to a method for man- 
ufacturing a single crystal thin film of silicon cart)ide 
(SiC) that is a wide band gap semiconductor material 
and can be applied to semiconductor devices such as 
high power devices, high temperature devices, and 
environmentally resistant devices. More particularly, the 
present invention relates to a method for forming a sin- 
gle-phase 3C-SiC single crystal thin film having a few 
crystal defects on a Si wafer tiy heteroepitaxlal growth 
on the Si sut>strate surface. 

The method for treating the surface of SiC accord- 
ing to the present invention relates to a method for form- 
ing an insulating film and a method for fbrnrung a dean 
surface in forming an electronic device such as a semi- 
conductor device or a sensor using silicon carbide 
(SiC), a method for forming a surface structure having a 
tr nch stnjcture or the like, and a SiC device having the 
formed low defect surface. 

Th SiC device of the present invention can be 
used for a semiconductor electronic device such as a 
power device or a sensor using SiC formed on a Si sut>- 
strate 

Background Art 

In order to form a silicon carbide semiconductor 
device with good reprodudbility, it is required that a SiC 
dean surface is formed first and then an insulating film, 
an electrode, or the like is formed on the clean surface. 
Therefore, the structure of tine SiC dean surface and a 
metiiod for forming the SiC dean surface must be 
established. However, this method has not been 
reported. It is known that when SiC is heated to a very 
high temperature of 1300''C or higher under high vac- 
uum, a surface covered with cartx>n is formed. The car- 
bon has been turned into graphite, and if junction 
interface formation or epitaxial growfli is earned out 
using this surface, an impurity level is formed at the 
interface Also, the temperature of ISOO^'C is too high 
and is a problem from the viewpdnt of the processing. 
Th refbre, an improvement in the method for forming a 
dean surface at low temperature has been required. 

Also, in order to form a more effident electronic 
device, it is sometimes required to form steps and ter- 
races such as a trench structure on the SiC surface. 
However, a method for forming the trench structure or 
the like into the SiC surface, with good reproducitMlity, 
good control, and low defect, has not been established. 
A surface having roughness, formed by reactive ion 
etching with a HQ gas or em O2 + CF4 gas. bn mining 
with an inert gas, HF plasma etching. \as& etching 
using exdmer lasers, or mechanical cutting or grinding 
with a diamond saw, has defects of about 10^ cm'^ or 
niore, causing a problem when forming electronic 



devices. 

Conventionally, 6H-type and 4H-type SiC single 
crystal sut>strates have been commercially available. 
On the other hand. 3C-SiC, which has the highest drift 

5 speed, can only be formed as a heteroeprtaxially grown 
crystal on the Si substrate. When growing silicon car- 
bide on the Si substrate surfece. cart>on and/or hydro- 
gen gases are first supplied to the Si surface to be 
cart>onized by heating, and then car1x)n and silicon are 

10 supplied to heteroepitaxially grow silicon carbkfe. In the 
silicon cart>ide thin film formed by this conventional 
technique, the growtii of high density lattice defects, 
twins, pits, or the like occurs at the SiC/Si interface, 
causing a problem when the silicon carbide is applied to 

15 forming an electronic device. Furthermore, single crys- 
tal grains with two types of phases grow on the Si si^ 
strate. and an anti phase boundary (AP^ is formed at 
the interface of the two types of the crystal grains having 
a different phase from each other, so that a number of 

20 defects are introduced. 

Conventionally, an SiC insulating fOm for electronic 
devices conrprises a silicon (di)oxid6 thin film formed by 
subjecting SiC itself to an oxidation treatment For 
example, by subjecting a 6H-SiC(0001)Si face to wet 

25 oxidation at IIOC'C for 1 hour, a thin silicon (di)Qxide 
tiiin film having a thickness of about 30 nm (300 ang- 
stroms) is formed. However, tiie oxidation speed of 30 
nm (300 ang5troms)/hour is much lower than 700 nm 
(7000 angstroms)/hour for a normal Si process and is 

30 not practical. Also, the silicon (di)Qxide SiOa is formed 
by oxkiizing silicon carbide containing Si atoms and C 
atoms in a ratio of 1 :1 . so ttiat the silicon (dt)0Kide con- 
tains surplus cartx>n atoms and has a low electrical 
insulating property Furthermore, when measuring the 

35 refractive index and the thickness using an elfipsometer, 
tiie refractive index is about 1.2 to 1.3, smaller than 1.4 
to 1.5 for intrinsic silicon (dOoxide. This shows that the 
silicon (di)oxide contains a portion drffer&it from the 
Intrinsic Si02 or that tiie SlOg/SiC interiace is not abrupt 

40 and contains other sutjstances. causing a problem 
when It is used as tiie insulating film for an electronk; 
device that requires a dean interface. 

With respect to single crystal substrates such as 6H 
and 4H of SiC, the sQicon cartDide crystals are very hard. 

45 Therefore, it has been known converttbnally that when 
a single crystal is cut and polished during the process- 
ing for wafers, a number of defects are Introduced espe- 
dally to the surface. In the surface treatment for these 
sut)strates in which defects are imroduced near tiie sur- 

50 face, deaning with an agent such as RCA deanlng lias 
conventionally been canned out. However, tiie defects 
present near the silicon carixde surface cannot be 
removed by deaning with an agent such as the conven- 
tional RCA deaning. Therefore, when an electron'c 

55 device is formed, tiie mobility, flie reproducbOity. the 
breakdown voltage and the like degrada 

Conventionally, the sOioon cart»de semioonductor 
devices are operated tiy ttie fact that electrons or holes 
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move in the silicon carbide crystal. The single-crystal 
silicorhcarbide wafer size is about a diameter of 30 mm, 
which Is too small, which is a problem from a practical 
viewpoint. Therefore, silicon carbide formed on the Si 
substrate surface is expected as a wafer having a large 5 
area. However, the electric characteristics of the silicon 
carbide/Si layered structure portion are not clear. There- 
fore, a vertical type semiconductor device In which cur- 
rent flows through the silicon carbide /Si Interface has 
not been implemented, for example; the loss caused by 10 
the fonward voltage drop, or the like cannot be deter- 
mined. 



Disclosure of Invention 



IS 



It is an otjject of the present invention to provide a 
method for manufacturing a single aystal thin film of sil- 
icon carbide (SiC) that is a wide band gap semiconduc- 
tor material and can be applied to semiconductor 
devices such as high power devices, high temperature 20 
devices, and environmentally resistant devices. More 
particularly, it is a first object of the present invention to 
provide a method for forming an insulating film, a 
method for forming a clean surface for application of an 
electronic device such as a semiconductor device or a 25 
sensor using silicon carbide (SiC), a method for forming 
a surface structure having a trench structure or the like, 
and a SiC device having the formed low defect surfece. 

Next if is a second object to provide a method for 
forming a single-phase 3C-SiC single crystal thin film 30 
having few crystal defects on a Si wafer by heteroepitax- 
iaJ growth on the Si substrate surfece. 

Furthermore, it is a third object of the present inven- 
tion to provide a semiconductor electronic device such 
as a power device or a sensor using SiC formed on a Si 35 
sufc)strate. 

In order to achieve the above objects, a metfKxJ for 
manufecturing a SiC device according to the present 
invention comprises a process for forming a silicon 
(dQoxide thin film on a silicon carbide crystal surface by 40 
heating a silicon carbide crystal in an oxygen atmos- 
phere, and a process for etching the silicon (di)oxide 
thin film fonmed on the silicon carbide crystal surface. 

In the above method, rt is preferred to include a first 
step for implanting ions in at least a part of a surface of 45 
a SiC silicon carbide crystal to introduce crystal defects 
near the SiC crystal surface, a secorxl step for heating 
the SiC crystal, in whfoh the ions are implanted and the 
defects are introduced, in an oxygen atmosphere to 
form a silicon (di)oxlde thin film on the SiC crystal sur- so 
face, and a third step for etching the silicon (di)oxide thin 
film formed on the SiC crystal surface. 

In the at>ove metfiod, it is preferred that the ion 
implanted in the SiC surface in the first st^ is at least 
one fon selected from the group consisting of oxygen, ss 
silicon, cart)on, an inert gas, nitrogen, and hydrogen. 

In the at>ove method, it is preferred to include a first 
step for supplying casbon to a Si substrate surface 



maintained at a low temperature of about GOO^'C or 
lower to form a thin film containing carit>on on the Si sub- 
strate surface, a second step for heating the Si sub- 
strate surface to cause a solid phase reaction t>etween 
the Si sut)strate and the thin film containing cartx>n to 
cartx>ruze the Si sut>strate surface to form silicon car- 
bide, and a third st^ for SMPplying cartx>n and silicon 
after cart>onizatfon to grow silkx>n carbide so as to 
obtain a silicon carbide crystal f Dm on the Si substrate. 

In the above method, it is prefen-ed to include a step 
for cleaning and removing an oxide film from the Si sub- 
strate surfiace to make the dean Si surface before sup- 
plying cart>on. 

In the atxjve method, it is preferred that when sfli- 
con and caxbon are supplied to the surfiace of the SiC to 
grow 3C-SiC having a (001) face, an abundance ratio of 
carbon to silicon on the silicon carbide surfiace is con- 
trolled under the condition where silicon atoms are 
always in excess of carix>n atoms on the surface for 
growing silicon carbide. 

In the above metfiod. it is preferred tfiat when sfli- 
con and cartxm are supplied to the surfiace of the SiC to 
form 3C-SiC having a (111) face or an a-SiC thin film 
having a (0001) face, an abundance ratio of cariDon to 
silicon on the silicon carbide surface is controlled under 
the condition where cait)on atoms are always in excess 
of silicon atoms on the SIC growth surfece. 

In the above method, it is preferred that a Si sub- 
strate surface used for growing a silicon carbide thin film 
on the Si substrate surfiace has anisotropy and com- 
prise terraces and steps. 

In the above method, it is preferred that when sHI- 
oon and cart>on are supplied to the SiC surface to grow 
3C-SiC having a (001) face, an abuncfance ratio of car- 
bon to silicon on the silicon carbide surface is controlled 
under the conditfon where silicon atoms are always in 
excess of carbon atoms on the surface for growing sili- 
con cart>ide. 

In the atx)ve method, it is preferred to include a first 
step for implanting ions in a surface of a SiC silicon car- 
bide crystal to introduce crystal defects in tiie sOioon 
cartnde crystal and a second step for heating the sllioon 
carbide crystal sut)strate, in which tiie tons are 
implanted and the defects are introduced, in an oxyg n 
atmosphere to form a silicon (di}oxide thin film. 

Next, a first SiC device of the present invention 
comprises a surface having patterned steps and ter- 
races and having a surface defect density of 10^ cm'^ or 
less. 

Next, a second SiC device of the present invention 
conprises at least a layered structore in which an n- 
type siGcon cari^ide crystal is formed on an n-type Si 
sut>strate surface. 

Brief Description of Drawings 

Rgs. 1 A-C show a method for forming a clean sur- 
fece according to a metiiod for manufacturing a SiC 
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device in an exanrple of the present invention. 

Figs. 2A-E show a method for forming a pattemed 
clean surface according to a method for manufacturing 
a SiC device in anoth^ example of the present inven- 
tion. 

Figs. 3A-C show a conceptual view for the process 
of a method for growing SiC on a Si(001) substrate in 
another example of the present invention. 

Fig. 4 shows a conceptual view of the growth of SiC 
on a Si surface having anisotropy in another exEunple of 
the present invention. 

Fig. 5 shows a method for forming a silicon 
(dOoxide insulating film according to a method for man- 
ufacturing a SIC device in another example of the 
present invention. 

Fig. 6 shows a method for forming a silicon 
(di)oxide insulating f ifam according to a method for man- 
ufacturing a SiC device in another example of the 
present invention. 

Fig. 7 shows a basic structure of a silicon cart^ide 
semiconductor device in another example of the present 
invention. 

Rg. 8 is a band view of a silicon carbide semicon- 
ductor device in another example of the present inven- 
tion. 

Rg. 9 is a traced drawing of a scanning electron 
microscope (SEM) photograph of a 3C-SiC(001) sur- 
face formed by a method for growing SiC in Exarnple 6 
of the present invention. 

Rg. 10A shows an electron spin resonance (ESR) 
spectrum for a single-phase 3C-SiC single crystal thin 
film formed by the method for growing SiC in Example 6 
of the present invention. 

Rg. 10B shows an ESR spectrum for a silicon car- 
bide thin film formed by a comparative example (car- 
tx>nization reaction caused by the reaction t)etween a 
gas arxi a Si substrate surface). 

Rg. 11 shows a method for forming a silicon 
(di)oxide insulating film according to a method for man- 
ufacturing a SiC device in Example 8 of the present 
invention. 

Fig. 12 shows an ohmic characteristic evaluation 
device of a silicon carbide semiconductor device in 
Example 10 of the present invention. 

Rg. 13 shows the 1-V characteristics of an n-type 
SiC/n-type Si layered structure in Example 10 of the 
present irrvention. 

Rg. 14 shows the basic structure of a Schottky 
diode in Example 1 1 of the present invention. 

Rg. 15 shows the current (l)-voltage (V) character- 
istics of the Schottky diode in Example 1 1 of the present 
invention. 

Best Mode for Carrying Out the Invention 

In the method for manufacturing a silicon carbide 
SiC device according to the present invention, a portion 
13 having a high defect density near the surface 12 of a 



SiC crystal 1 1 shown in Rg. 1 A is tumed into a silicon 
(di)oxide thin film 1 4 by a thermal oxidation treatment as 
shown in Rg. 1 B. and this silicon (di)Qxide thin film is 
rennoved by etching the silicon (cfi)Godde thin film as 

5 shown in Rg. 1C to remove the portion having a high 
defect density near the silicon carbide surface and then 
a dean surface 15 is formed. In an etching treatment 
with a HF group acidic solution used in a Si process, 
etching the surfoce of SiC is diff iculL However, the por- 

10 tion 13 having a high defect density is changed into the 
oxide film 14 first and then etching the oxide film to 
remove the portion having a high defect density near the 
surface to allow the surface of the silicon carbide to t>e 
cleaned. Therefore, a SiC dean surface can he formed 

75 using the etching treatment in the Si process. 

The above cleaning is effective not only for a flat 
surface of SiC but also for a silicon carbide surface on 
which pattemed steps and terraces are formed by nor- 
mal reactive fon etohing, ton milling, plasma etching, 

20 laser etching, or etching by mechanical cutting or grind- 
ing. In otiier words, the defect portion introduced near 
the surfoce during the etching process used for forming 
tiie above pattern is easily changed into a siGcon 
(di)oxide thin film by an oxidation treatment, so that tiie 

25 defect layer can be removed by etching the oxide film. 

In the atKJve method, as shown in Rg. 2A. by 
implanting tons 23 from the surface 22 of a SiC crystal 
21 . defects are introduced near the crystal surfoce 22 to 
form a portion 24 having a high defect density at a 

30 desired position and at a desired depth in a first step. 
The oxygen supplied by diffusion into the crystal from 
tine surface in the conventional thermal oxidation is sup- 
pfied through the crystal defects introduced by the ion 
implantation in the thermal oxidation process; the area. 

35 into which tiie crystal defects are introduced by the ion 
implantatfon. is easily oxidized; carbon turns into a gas 
in the form of cart>on oxide to be removed, and silioon 
(di)oxide is formed in a second step. It is preferred that 
this silioon (di)oxide thin film is removed by etching in a 

40 third st^. so that a defect layer 25 near the silicon car- 
bide suriiace can be removed easily 

In tiie above method, it is preferred that the ion 
implanted in the SiC surface in the first st^ is selected 
from any of oxygen, silicon, cartx>n. an inert gas, nitro- 

45 gen, and hydrogen, or a mixture thereof, so that the 
implanted ions form silicon (di)oxide or turn into a gas to 
be removed after oxidation. 

In the above metiiod, it is preferred that the dose of 
the implanted ions is more than 10''^ ion/cm^, so that 

so sufficient crystal defects for the discharge of carbon and 
the formation of silicon (di)axide are introduced, a sili- 
con (di)Qxide insulating film is formed at Ngh speed, an 
excess sut>stance or structure is not formed at the 
SiOa/SiC interface, an abrupt interface is formed, and a 

55 deaner silicon carbide surface is formed after oxide f Qm 
etching. At a dose less than this value, the oxidation 
does not fully proceed, defects remain, the Interfece of 
silicon (dOaxide/silicon carbide is not abrupt and a 
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clean surface cannot be formed after etching. In order to 
implant ions at a dose more than 10^^ ion/cm^, a very 
long time is required using the ion current density of an 
ion implanting apparatus, ard therefore the dose is pref- 
erably less than this value from a practical viewpoint In 5 
this case, it is confirmed that the sufficient defect den- 
sity for oxidation to proceed is okJtained at a dose of 
about 10^^ ion/cm^. 

In the above method, it is preferred that the energy 
for the ion implantation is 1 keV to 10 MeV. so that an 10 
oxide insulating fOm is effectively formed and a deaner 
silicon cartMde surface is formed after oxide film etching. 
At 1 keV or less, the penetration depth of the implanted 
ions in the silicon carbide crystal is too small, and tfiere- 
fore flie effect of ion implantation is small. At 10 MeV or is 
more, the depth of penetration is too large, and the ions 
are implanted in a wide range, so that a very high den- 
sity dose is required to achieve the sufficient defect den- 
sity in the silicon carbide crystal. Ateo, the defect density 
of the surfoce is maintained low, so that oxidation from 20 
the surCace proceeds with difficulty, and therefore such 
an ion implantation energy is not practical. 

In the above method, it is preferred that multiple ion 
implantation is performed at different energies to form a 
deep and uniform implantation layer in the silicon car- 2S 
bide crystal, so that oxidation is performed to a deep 
portion, a thick silicon (dOoxide insulating film is formed, 
and the portion near the surface is uniformly removed. 

In the atx>ve method. It is preferred that the silicon 
carbide is maintained at SOC'C. or lower during fon 30 
implantation, so tfiat crystal defects introduced by ion 
implantation are inhibited from being annealed during 
ion implantation and from being changed into a struc- 
ture having a certain stability; the crystal defects are 
introduced more effk^ientiy; the diffusion of oxygen 3s 
through the crystal defects is efficient; CO^, a com- 
pound of cartx>n and oxygen, is efficientiy discharged 
from the crystal to decrease the amount of residual car- 
bon after oxidation to form a high performance SiOs/SiC 
interface and a cleaner silicon carbide surface is formed 40 
after oxkJe film etching. It is also confirmed that in view 
of the problems of the apparatus and deterioration in the 
silicon carbide surface, the temperature of the silicon 
carbide is preferably the liquid nitrogen temperature. - 
IdS^'C, or higher during ion implantation. 45 

In the alxjve method, it is prefenred that ions are 
implanted in the SiC surface in the first step to form an 
amorphous layer near the SiC surface, and that the SiC 
containing the amorphous layer is oxidized in the sec- 
ond step. The amorpfious layer is easily oxidized in the so 
second step. 

A method for forming a dean surface according to 
the method for manufacturing a SiC device according to 
the present invention comprises forming a defect layer 
by ion implantation, oxidizing it to form a silicon (di)oxide ss 
thin fSm on the silicon carbide surface, and removing 
this silicon (dr)Qxide.tiiin film t>y etching. By forming a sil- 
icon (di)Qxide thin film having a certain thickness and 



removing the portion, the impurities and defects present 
near the silicon carbide surface can be removed to form 
a dean surface. The crystal near the surface can be 
removed to any desired tiiickness. compared with the 
conventional surface treatment, and therefore a portion 
having a high defect density can be removed for dean- 
ing. If the portion having a high defect density in the sur- 
face is thin, the defects near the surface also can be 
removed by forming a silicon (di)oxide thin film on the 
silkxMi carbide surface by a normal oxkiation treatment, 
without using the method for forming a thick silicon 
(dQoxide thin film utilizing the above ion implantation, 
and etching the silicon (di}Qxide thin film. By repeating 
the silicon (di)oxide thin film formation and etching sev- 
eral times, a deaner silicon carbide surface can be 
formed. 

In the above method, it is preferred that a part of th 
SiC surface is masked arxi a portion where ions are 
implanted is patterned during ion implantation to the 
SiC surface in the first step,. This pattern determines 
the structure of the surface after the third step, so tfiat a 
trench structure or the like required for a SiC device can 
be formed. 

In the above method, it is prefenred that wh n ions 
are implanted to the SiC surface in the first step, at least 
one of the energy of implanted ions, ion species, and 
ion density is different depending on the place on the 
SiC surface so that patteming is performed. By chang- 
ing the ion en^gy or tiie ion species, the depth of the 
damage layer from tfie surface can be changed, so tiiat 
a trench structure having any depth can be formed with 
good reproducibility. In other words, the at>ove method 
for manufacturing a SiC device can be applied for form- 
ing a ^rface structure having the shape of a ti-ench 
structure or the like on ttie silicon carbide surface. In tiie 
formation of a silicon (di)oxide film in the first and sec- 
ond steps in the surface treatment method of the 
present invention, the depttis and amounts of the 
implanted ions and the crystal defects can be patterned 
freely tsf changing masking or the energy or dose for ion 
implantation. By subjecting this pattemed defect portion 
to the oxidation treatment the pattemed oxide film can 
be formed at high speed. As shown in Rg. 2B, by form- 
ing or providing a mask 26 on the surface 23 of the sili- 
con carbide substrate 21, the area for ion implantation 
can be pattemed. Depending on the place, a defect is 
introduced deep in a portion 28H where a high en rgy 
ion 27H is implanted, and a shallow defect is introduced 
in a portion 28L where a low energy fon 27L is 
implanted. These defects are subjected to the oxidation 
treatment so that a pattemed oxkfe insulating film 29 
having any desired thickness in any desired area can be 
formed as shown in Rg. 20. This inequality can be uti- 
lized for an electronic device. Furthermore, this pat- 
temed silicon (di)oxide thin film is further removed by 
etching in the third step, so that a silicon cartside surface 
22P having the patterned clean surface is formed as 
shown in Fig. 20. This pattemed silicon carbide dean 
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surface is subjected to the oxidation treatment agaia so 
that a thin silicon (dOoxide thin film 29T having a dean 
tnterfiace can be formed on the surface (side) of the 
trench structure as shown in Rg. 2E. By repeating the 
above oxidation treatment and etching several times* a 
surface structure having any desired shape such as a 
trench structure having a cleaner surface (side) can be 
formed. 

In the above method, it is preferred that the silicon 
carbide surface on which patterned steps and terraces 
are formed by the etching treatment is heated in an oxy- 
gen atmosphere to form a silicon (di)oxide thin film on 
the silicon cart^ide crystal surface and that the defects 
introduced by the etching treatment are removed by fur- 
ther etching of the silicon (di)0Kide thin film formed on 
the silicon carbide crystsU surface. The defects intro- 
duced by various etching treatments can be removed to 
form an applicable electrorvc SiC device. 

In the above method, it is pr^erred that the etching 
treatment is performed by at least one type of method 
among reactive ion etching, ion milling, plasma etching, 
las r etching, mechanical cutting and grinding. All the 
defects introduced by the above etching treatment can 
be removed as a silicon (di)Qxide film by the akx>ve oxi- 
dation or the oxidation treatment after ion implantation. 

Rgs. 3A-3C show a conceptual view for the process 
of a method for growing SiC according to the method for 
manufacturing a SiC device of the present invention. For 
a first step, substances 33 containing cartx>n are sup- 
plied to the surface 32 of a Si substrate 31 in Rg. 3A for 
a first step to form a thin fQm 34 containing cart)on as 
shown in Rg. SB. In the first step, the Si substrate sur- 
face is maintained at a low temperature so that the reac- 
tion between the supplied substances 33 containing 
cartxm and the thin film 34 containing carbon and the Si 
sut)strate surface 32 does not occur and silicon carkxde 
is not formed. Then, the Si sut^strate surface is heated 
in a second step to proceed a solid phase reaction 
between the thin film 34 containing cart>on and the Si 
substrate surface 32. The heating In the second step 
results in the cartx>nization of the Si sut)strate surges 
32 and formation of the SiC thin film 35 on the Si sut>- 
strate surface 32 as shown in Rg. 3C. The normal con- 
ventional cartx>nization treatment, such as a reaction 
betwe n a gas containing carkdon. for example hydro- 
cartxxi, and a Si sut)strate surface starts at the highly 
reactive sites of the Si sut^strate surface, such as the 
surfac defects or the atomic steps of the surface, and 
therefore the uniformity of the reaction is t>ad. This local 
difference in reactivity is reflected in the inequality of the 
formed SiC/Si interface to cause the formation of lattice 
defects, twins, pits or the like. In the present invention, 
different from the normal conventional cartsordzation 
treatment, the Si sut^strate surface is maintained at low 
temperature to suppress the local reaction between car- 
txxi and the Si sutDstrate surface in the first step and 
form a uniform thin film containing cartxxi on the Si sufc>- 
strate surface. The cartx)nization Is carried out by the 



solid phase reaction between the thin film 34 containing 
cartx>n and the Si sufc)strate surface 32 in the second 
step, so that a uniform cart)oni2ation reaction occurs on 
the Si sut>strate surface. By the first and second steps, 

5 a silicon carbide/Si Interface having excellent uniformity 
is formed, so that the formation of defects such as lat- 
tice defects, twins, or pits is inhibited. By growing the 
SiC thin film in a third step in which cart>on and sificon 
are supplied on this SiC/Si internee having excellent 

io uniformity, a SIC fflm having few d ef ec ts and having 
good quality can be formed on the Si sut^rate surface. 

In the akx>ve method, it is preferred that the Si sub- 
strate surface is maintained in a tenperature range of 
the liquid rvtrogen temperature. -ISS^'C. to 600''C in the 

IS first step. At a temperature above 600*C cartx>n reacts 
with the Si sut>strate surface before a thin film contain- 
ing cartx>n is formed, so that SiC having different azi- 
muths and phases is formed. A temperature less than - 
195*^0 (the liquid nitrogen temperature) can not easily 

so be obtained. 

In the above method, it Is preferred that the thin fflm 
formed on the Si sut>strBte surface by the first step con- 
tains cartx5n corresponding to a thickness of a 1 -atomic 
layer to a 20-atomic layer. With a 1 -atomic layer or less. 

25 uniform cartxxiization is not carried out on the Si sur- 
face. With a 20-atomic layer or more, the cartx>n thin 
film is stable, so that the reaction with the Si sut>strate 
does not easily occur. 

In the aixave method, it is preferred that the thin film 

30 formed on the Si substrate surface in the first step is an 
amorphous thin film containing cartx>n. The amorphous 
thin film is highly reactive with the SI sut>strate, and car- 
bonization occurs more easily than with aystal thin 
films. 

35 In the ak>ove method, it is preferred tliat the sul> 
stance containing cartx>n supplied to the SI sut>strate 
surface in the first step contains at least molecular car- 
tK>n other than a gas such as hydrocart>on. Reaction 
with hydrocait)on or the like includes a reaction such as 

40 desorption of hydrogen. Such a reaction is complicated 
and can not fc>e easily controlled. However, if mol^:ular 
cartx^n is contained, the reaction with Si easily occur 
and can t>e easily controlled. 

In the abwe method, it is preferred that the Si sut>- 

45 strata surfoce is heated to a temperature range of 
SOO^'C to 1414''C, the melting point of Si, in the second 
step. The cartx>nization reaction on the Si suttstrate sur- 
face occurs at SCC or higher. At a temperature equal to 
or higher than the melting point of Si. the substrate 

so melts and cannot l^e used. 

In the above method, it is preferred that the temper- 
ature increase rate between 600''C and lOOO^'C for the 
Si sut^strate surface heating is 20^C/min. to 500''C/hnin. 
in the second step. With a temperature-increase rate of 

55 500^C/nftin. or more, uniform caitx>nization cannot be 
carried out With 20''C/hiin. or less, tiie heating takes 
too long and is not suitat)le from the industrial viewDoint. 
In the above method, it is preferred that at least the 
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first and second steps are earned out under a high vac- 
uum of not more than 10'^ Torr. tf the Si substrate is 
heat d under a lower vacuum than this, the surface is 
oxidized or the like. Therefore uniform cart)onization 
cannot be carried out 

In the above method, it is preferred that at least the 
first and second steps are carried out by a MBE process 
under high vacuum, and the third step or a part of the 
third step is carried out by a CVD process providing a 
fast grouvth rate. In the MBE. the above high vacuum is 
easily achieved. In the CVD. high speed film formation 
that is preferable from the industrial viewpoint is 
achieved. 

In the above method, it is pr^erred to include a step 
for removing an oxide film from the Si sut)strate surface 
to clean the surface before supplying cartx>n. The pres- 

nee of the oxide film on the Si substrate surface 
degrades the uniformity and reproducibility of cail3oni- 
zation, and therefore it is preferred to form a Si dean 
surface beforehand. In other words, it is confirmed that 
if th step for removing the oxide film or the like from the 
surface of the Si substrate for cleaning is carried out 
iDefbre the supply of caitx>n, the cartx>nization process 
becomes efficient. When cartx>n is supplied to the Si 
dean surface for cartx>nization, C and Si directly react 
with each other eff idently. so that the rows of the Si dan- 
gling tx3nds in the Si [110] direction exposed on the 
Si(001) surface are bonded to C atoms to form a SiC 
atomic configuration whose SiC [1 10] rows are formed 
by the shrinkage of the Si [1 1 0] rows with G atoms. As a 
result, a SiC/Si heteroepitaxial interface is formed. If 
impurities such as the oxide film on the Si surface are 
present on the surface, the shrinkage of the alx>ve Si 
[110] atomic rows occurs inequally, so that a flat SiC/Si 
heteroepitaxial interface having few defects is not easily 
formed, and a SiC thin film obtained by the growth on 
this SiC/Si interface also has many defects. A uniform 
SiC/Si heteroepitaxial interface having few defects can 
be fonried by carbonization with the process for forming 
a dean Si surface. 

In the above method, it is prefened that the cleaned 
Si surface has a Si(00 1)2x1 surface reconstruction 
structure. The 2x1 structure can be used as the indica- 
tor of the Si(OOI) dean surface. On a hydrogenated 1x1 
surface, desorption of hydrogen from the surface during 
the carbonization reaction, degrades the uniformrty of 
the cartx>nized interface. 

In the above method, it is preferred that the step for 
cleaning the Si suk>strate surface comprises a step of 
heating the sut>strate to a temperature of SOO^'C or 
high r under a high vacuum of not more than 10-6 Torr 

r in a hydrogen atmosphere. By this step, a clean sur- 
face of the above mentioned Si substrate can be 
formed. Heating under low vacuum causes oxidation of 
the Si sut>strate surface, degradation of the uniformity 
and reproducibility of SiC formation after the cartx>niza- 
tion. 

In the above method, it is preferred that the st^ for 



deaning the Si substrate surfece comprises a step of 
irradiating the sut^strate surface with utt^olet light 
such as exdmer lasers. By irradiation with the ultraviolet 
light, the above Si sut>strate dean surface can be 

5 formed even at lower t&nperature. 

In the aldove method, it is preferred tiiat the step for 
deaning the Si substrate surface conprises a step of 
exposing the Si sut>strate suriace to a reactive etching 
gas such as ozone and chlorine or chloride and fluorine 

10 or a fluoride gas. By etching the Si substrate surface 
with these gases, a deaner surface can be obtained. 

In the atx)ve method, it has been discovered tfiat by 
exactiy controlling the abundance ratio of cartx>n to sili- 
con on the surface for growing silicon carbkJe enables a 

15 high performance epitaxial thin film. In which a smooth 
surface is obtained with good reproducibility without the 
growth of twins. Based on this discova'y, the method for 
manufacturing a silicon cart»de thin film has been 
invented. Alsa it has been discovered that monitoring 

20 the surface rearrangement structure of the above silicon 
carbide growth surface enables the control of the abun- 
dance ratio of cartx)n to silicon on the growth surface. 
Based on this discovery, an apparatus for manufactijr- 
ing a silicon carbide thin f Om has been irrvented. 

25 With resped to the heteroepitaxial growtii on a sili- 
con wafer, the following has been found. After a sOioon 
wafer surface is deaned by heating under a vacuum of 
not more than 10'® Torr before the carlxjnization treat- 
ment, silicon is supplied to the wafer surface to cause 

30 the epitaxial growth of the silicon, and tiiis surface is 
subjected to the cart)onization treatment, so that a het- 
eroepitaxial silicon carbide thin film having few twins 
and good crystallinity can be formed. If the atxjndance 
ratio of silicon to cartx)n on the silicon carbide growing 

35 surface to which silicon and carix^n are supplied for 
growUi is 1 or more (excess silicon), the (001) face of a 
cubic crystal silicon carbide selectively appears. Under 
this conditions, the growth of twins is inhibited, so that a 
smooth (001) face of a cubic crystal silicon carbide thin 

40 film can \ye drained. If tiie silicon/cart)on atxjndance 
ratio for the growth surface is 2 or more (in an excess sil- 
icon state) a single crystal of silicon begins to grow on 
the silicon carbide surface, inhibiting the growtii of th 
silicon carbide thin film. By maintaining the silicon/car- 

45 bon abundance ratio for the growth surface greater than 
1 and equal to or less than 2, a smooth and dean cubic 
crystal silicon carbide (00 1 ) face can be obtained. In this 
case, the structure of the growth surface has a 2x3 or 
23d5 surface reanrangement By monitoring this surfac 

so structure, the aburviance ratio of silicon to cartxxi on 
the growing surface can be easily controlled. 

In other words, in the method for manufacturing a 
SiC device, it is preferred that when supplying silicon 
and cartxxi to the surface of the SiC to grow 3C-SiC 

55 having a (001) face, the abundance ratio of the caitx>n 
to the silicon on the silicon carbide surface is controlled 
so that silicon atoms are always in excess of cartxm 
atoms on the surface for growing sOioon carbide. 
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In the above method, rt is preferred that the abun- 
dance ratio of cartx>n to silicon on the silicon carbide 
surface is controlled so that the (001 ) growing surface of 
the 3C-SrC Is kept to have a 2x3 or 2x5 surface rear- 
rangement. 5 

In the above method, it is preferred that the atxin- 
dance ratio of cartx>n to silicon on the silicon carbide 
surface is controlled so that the abundance ratio of the 
silicon atoms to the cartx>n atoms on the (001) growth 
surface of the 3C-SiC is kept at greater than 1 and equal io 
to or less than 2, in an excess silicon state. 

In the above method, ft is prefen-ed that when sup- 
plying silicon and cartDon to the sur^ce of the SiC to 
form a 3C-SiC thin fflm having a (001) face, an instru- 
ment that can evaluate the surface structure of silicon 75 
caxtMe during growth, such as a reflective high energy 
electron diffraction instrument, is included in a SiC for- 
mati n apparatus to monitor the 2x3 or 2x5 structure of 
the 3C-SiC(001) surface, and an apparatus having a 
mechanism for controlling the abundance ratio of car- 20 
ban to silicon on the SiC surface is used so tfiat a three- 
fold period or a f ive-fbid period is constantly observed. 

On th other hand, under the conditions of excess 
cart>on. that is, a sincon/cartx>n abundance ratio of less 
than 1, a cubic crystal silicon carbide (111) face or a 2S 
hexagor^ crystal silicon carbide (0001) face selectively 
appears. Under this conditions, the atx>ve cubic crystal 
silicon carbide (1 1 1) face or the hexagonal crystal sili- 
con carbide (0001) face grows smootiily witii good 
reproducibility. However, under the conditions of excess 30 
cartKXi. tiiat Is, a silicon/cait>on abundance ratio of 0.5 
or less, the grown silicon cartxde thin film turns into a 
polycrystal so that crystallites grow In random direc- 
tions. By maintaining ttie silicon/cai1x)n abundance ratio 
for the growing surface more than 0.5 and less than 1 , a 35 
smootti and clean cubic crystal silicon carbide (111) 
face or a hexagonal crystal silicon carbide (0001) face 
can be obtained. In other words, in the method for man- 
u^cturirg a SiC device, it is preferred that when silicon 
and cart>on are supplied to the surface of the SiC to 40 
form a 3C-SiC having a (1 1 1) face or an a-SiC tfiin film 
having a (0001) face, the aburviance ratio of the cartx)n 
to th silicon on the silicon carbide surface is controlled 
under the condition where the cart>on atoms are always 
In excess of the silicon atoms on the SiC growfli sur- 4S 
fac . 

In the above method, it is preferred that the afcxjn- 
dance ratio of carbon to silicon on the SiC surface is 
controlled so that the ratio of tfie silicon atoms to the 
cartxxi atoms on the 3C-SiC(111) or a-SiC(0001) so 
growth surface is 0.5 to 1, in an excess cartxvi sfate. 

In the above method, it is preferred that when sili- 
con and cart)on are supplied to the surface of the SiC to 
form a 3C-SiC tiiin film having a (1 1 1) face or an a-SiC 
tfvn fOm having a (0001) face, an instrument that can 55 
evaluate the surface structure of silicon carbide during 
growth, such as a reflection high energy electron diffrac- 
tion instalment, is included in a SiC formation apparatus 



to constantly observe tiie state of the 3C-SiC(1 1 1) sur- 
face, and an apparatus having a mechanism for control- 
ling the abundance ratio of cartxxi to silicon on the SiC 
surface and inhbiting the growth of a crystal other than 
SiC is used. 

With respect to heteroeprtaxial growth on a sl&con 
wafer, first a silicon wafer (001) surface is heated under 
a vacuum of 10~^ Torr to form a dean surface having a 
2x1 surface rearrangement. It has been found that sili- 
con is then supplied to the wafer surface to grow the 
homoepitaxial silicon to further form a clean surface, 
and tills surface is subjected to tiie cartX)nization treat- 
ment, so that a hetero^itaxial silicon carbide thin film 
having few twins and good crystallinity can be formed. 
Thie silicon wafer surface cleaned t>y heating under vac- 
uum often contains many defects depending on the pre- 
vious cleaning condition, the vacuum, and the impurities 
in vacuum arKi therefore is not easily controlled. How- 
ever, the surface is dean and has few defects after the 
homoepitaxial growth of the silicon, so that the hete- 
roeprtaxial silicon carbide thin film formed by the subse- 
quent cartx>nization treatment has an improved 
crysfallinity and a good reproducibility. 

Fig. 4 shows a schematic view of a Si sul)strate 41 
surface info which terraces and steps are Introduced 
with smisotropy. as a sut^strate for heteroeprtaxial SiC 
growfli according to the method for manufacturing a SiC 
device according to the present invention. A Si(001) sur- 
face 42 is off-cut indined in the [1 10] direction, and ter- 
races 43 and steps 44 are introduced. The widtii of tfie 
tenace 43 (the direction perpendicular to a step edge 
45: an N direction 46 in Rg. 4) is much shorter than tiie 
lengtii of tiie tenace parallel to the step edge (a P direc- 
tion 47 in Rg. 4). When the off-cut angle is 4 degrees 
and the height of tiie step 44 is a 1-atomic layer, the 
wkltfi of the tenBce 43 is at>out 2 nm. This short Si [1 1 0] 
atomic row (the N direction 46 in Rg. 4) easily reacts 
witii cartx)n to shrink and form a SiC atomic structure 
more than the long Si [1 1 0] atomic row in the P direction 
47 in Rg. 4. In other words, on the surface into which tiie 
terraces and the steps are introduced, the Si [110] 
atomic rows in the width direction of the terraces (the N 
direction 46 in Rg. 4) selectively shrink to form a SiC 
atomic structure witii supplied cartx>n 48. Thus, tiie 
Inventor has confirmed that two phases of the Si crystal 
grains, which are formed on a just Si(OOI) surface and 
are a prot>lem, are Gmited to one phase by introducing 
the terraces and the steps. This invention enables the 
formation of a single-phase SiC single crystal tNn film. 

When supplying tiie carix>n 48 to ttie Si(001) sur- 
face comprising the terraces 43 and the steps 44 for 
cartx)nization to form SiC crystal grains, twins are 
sometimes formed if the cark)on 48 is supplied as a gas- 
eous substance such as hydrocartxvi. The inventor has 
confirmed that tiie formation of twins is inhibited if a car- 
bon source containing molecular beams such as cartxvi 
atoms is sipplied. This is prot)ably caused by the follow- 
ing reason. With respect to ttie reaction between the 
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gas phase carbon source and the Si surface, it is 
believed that the reaction with cartx)n starts from the 
atoms in the most reactive state on the Si surface. TTie 
Si atoms in the most reactive state on the Si surface are 
the atoms in the position of the step edges 45 present $ 
on the surface. H is believed that the cartK>nization of 
the Si surface 42 caused by the gas phase cartx>n 48 
starts from the step edges 45. and tmns having different 
azimuths easily grow at tiie step edges 45 because the 
steps are present in the Si atomic arrangement of the io 
sutjstrate. On the other hand, if not only the gas phase 
cart>on but also the cartx>n source containing molecular 
beams such as cartxxi atoms are supplied, the reaction 
with the Si sut)strate starts from any position where the 
cartx>n is supplied, so that the reaction is inhbrted from is 
selectively occurring from the position of the step edges 
45, and the reaction occurs on the terraces 43. Thus, it 
is confirmed that the twin growth from the position of tiie 
step edges 45 is inhibited as well, so tiiat a SiC crystal 
thin film having few twins is formed. In this case, if the 20 
cartjon is supplied at low tenperature. a cartx>n thin film 
is formed on tiie sut)strate surface 42 before tiie reac- 
tion between tiie carbon and tiie substrate surfoce 42. 
and then a solid phase reaction between the cartx>n thin 
film and the sut>strate surface occurs at the temperature 2s 
at which cartxjnization is processed. Therefore, the 
at)ove SiC crystal grains having tiie same direction are 
uniformly formed as descnbed in Rg. 1. 

In other words, in tiie method for manufacturing a 
SiC device according to the present invention, it is pre- 30 
ferred that the Si substrate surface used for growing a 
silicon carbide thin f Om on the Si sut>strate surface has 
anisotropy and comprises tenraces and steps. 

in the above method, it is prefenred that the width of 
the terrace of the Si sut)strate surface is 0.5 nm to 100 35 
nm. If the width is less tiian 0.5 nm, the reaction occurs 
significantiy at the steps, so that SiC having different 
azimuths is contained. If the width is more than 100 nm, 
the anisotropy provided by the tenraces and the steps of 
the sut>strate does not appear. 40 

In the above method, it is preferred that the Si sub- 
strate surface having anisotropy is a miscut face of the 
Si(1 11) or (001). Due to the miscut. the above terraces 
and steps appear on the surface. 

In the above method, it is preferred that the Si sub- 45 
strate surface is a miscut face of the Si(001). and that 
the angle between the direction of the step edges 
caused by ttie miscut and tiie Si [1 10] crystal axis direc- 
tion is 0 to 30 degrees. The Si(001) surface obtained by 
this miscut direction enables the growtii of SiC having so 
the same phase for the sut>strate having the anisotropy. 
Outside of this range, the anisotropy is insufficient. 

in the above mefliod. it is prefenred that when sup- 
plying silicon and cartx)n to the SiC surface to grow 3C- 
SiC having a (001 ) face, the atxindance ratio of tiie car- ss 
bon to the silicon on the silicon carbide surface is con- 
trolled so that the silicon atoms are always in excess of 
the caitxdn atoms on the surface for growing silicon car- 



bide. With excess Si. the SiC(OOI) sur^ce is stabiGzed, 
so ttiat good crystal growth proceeds. Also, the crystal 
growth under the conditions of excess Si provides 
selective growth in the 3C-SiC [110] direction, so ttiat 
tiiis growth easily occurs on the tenraces to promote the 
growtii of single-phase SiC. 

In tiie at>ove method, it is preferred that the abun- 
dance ratio of cartx>n to silicon on the silicon carbide 
surface is controlled so ttiat the 3C-SiC(001) growtti 
surface has a 2x3 or 2x5 surface reanangement These 
structures serve as tiie indicator of ttie excess Si sur- 



In the above method, it is preferred that the atxin- 
dance ratio of cartoon to silicon on the silicon carbid 
surface is controlled so that tiie at>undance ratio of tiie 
silicon atoms to tfie cartoon atoms on tiie 3C-SiG (001) 
growtii surface is greater than 1 and equal to r less 
than 2, in an excess silicon state. The excess Si surfac 
having an abundance ratio greater than this rang 
causes deposition of ttie Si crystal grains to inhbit a 
good SiC crystal growtti. 

In the above method, it is pretended tiiat when sup- 
plying silicon and cartoon to the surface of the SiC to 
form a 3C-SiC thin film having a (001) face, an instru- 
ment that can evaluate the surface structure of sQioon 
carbide during growtti, such as a reflective high energy 
election diffraction instrument, is included in a SiC for- 
mation apparatus to monitor ttie 2x3 or 2x5 structure of 
the 3C-SiC(001) surface, and an apparatus having a 
mechanism for controlling the abundance ratio of car- 
bon to silicon on tiie SiC surfece is used so that a three- 
fold period or a five-fold period is oonstantiy observed. 
By introducing tfiis apparatus, tfie SiC crystal growtii in 
the excess Si state can be precisely controlled easily. 

A method for forming an insulating fOm on the SiC 
surface after cleaning according to ttie mettiod for man- 
ufacturing a SiC device of the present invention com- 
prises implanting ions 3 in the SiC crystal surface before 
conventional tiiermal oxidation. By implanting tiie ions 3 
from tiie surface 52 of a SiC crystal 51 as shown in Fig. 
5. a crystal defect 54 is introduced near ttie SiC crystal 
surface The oxygen, supplied by diffusion into the crys- 
tal from the surface in the conventional thermal oxida- 
tion, is supplied through the crystal defect 54 introduced 
by the ion implantation, so that tiie SiC is oxidized effi- 
dentiy and rapidly in the range 54 in which the crystal 
defects are introduced by tfie ion inplantation, and th 
cartx>n turns into a gas in the form of cartx>n oxid to be 
removed, and therefore silicon (di)oxide is formed. In 
tiie formation of a silicon (di)oxide film according to the 
present invention, the depth and the amount of the 
implanted ions and tiie crystal defects can be fr ely 
changed depending on ttie controllafc)le energy and 
dose for ion implantation. Therefore, an oxide fflm can 
be formed at any desired depth at high speed to solve 
the problem of a very slow oxkfation speed of the con- 
ventional tiiermal oxidation. In tiiis case, if ttie dose of 
the implanted ions is 10^^ ions/cm^ or more, the crystal 
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defects introduced by the ion implantation in the first 
step has a sufHcient density for discharging carbon and 
fornrdng silicon (di}oxide in the oxidation in the second 
step, so that a high performance silicon (di)oxide insu- 
lating film is formed. If the dose is 1 0^ ions/cm^ or less. 5 
the density of the introduced defects is low. so that the 
thickness of the formed oxide film is not different from 
that without ion implantation. In view of the problem of 
the apparatus, the dose is preferably 10^^ ions/cm^ or 
less. With a dose of this value or more, a special ion gun w 
or long ionHmplantation time is required, and therefore 
such a dose is not practical. Also, if the silicon carbide is 
maintained at SOO'^C or lower for ion implantation, the 
crystal defects introduced by ion implantation are inhib- 
ited from being annealed and being changed into a sta- is 
bilized structure during the ion implantation, crystal 
defects are more efficiently introduced, the diffi^ion of 
oxygen through the crystal defects is efficient, and CO2, 
a compound of carbon and oxygen, is efficiently dis- 
charged from the crystal to decrease the ammint of the so 
residual caiten after oxidation to form a high perform- 
ance silicon (di)oxide insulating film. In view of the prob- 
lem of the apparatus and the problem of deterioration in 
the silicon carbide surface, it is confirmed that the tenv 
perature of the silicon carbide during ion implantation is 25 
preferably between the liquid nitrogen temperature and 
500*C. If the energy for ion inrplantation is 1 keV to 10 
MeV, an oxide insulating film can be effectively formed. 
If the energy is 1 keV or less, the depth of tiie penetra- 
tion of the implanted ions in the silicon carbide crystal is 30 
too small, and therefore the effect of the ion inplantation 
is small. If the energy is 10 MeV or more, in addition to 
requiring a special apparatus for implanting such high 
energy ions, the depth of penetration is too large, and 
ions are inplanted in a wide range, so that a very high 35 
density dose is required to achieve the sufftoient defect 
density in the silicon cart>ide crystal. Therefore, such an 
ion implantatfon energy is not practical. Also, crystal 
defects are formed in a region very deep from the sur- 
face, arxJ a few or no defects are present near the sur- 40 
face. Therefore, oxygen is not suff icientiy supplied from 
the surface in the oxidation of the second step, so that 
oxidation does not proceed. When forming a thick sili- 
con (di)oxide insulating film, it is effective to form a deep 
and uniform implantation layer 69 in the silicon carbide 45 
crystal by candying out multiple ion implantations 66, 67 
arxl 68 with different energies from a SiC surfece 62 as 
shown in Rg. 6. Furthermore, it Is confirmed that if ions 
are implanted in the SiC surface to form an amorphous 
layer near the SiC surface in tiie first step, and the SiC so 
comprising the amorphous layer is oxicOzed in the sec- 
ond step, a good silicon (di)Q)dde thin film is formed. 

In other words, it is preferred that the method for 
manufacturing a SiC device comprises a first step for 
implanting ions in the surface of a SiC s'licon carbide 55 
crystal after cleaning to introduce crystal defects in the 
silicon carbide crystal and a second step for heating the 
silicon cartMde crystal sut^strate in which the ions are 



inplanted and the defects are introduced in an oxygen 
atmosphere to form a silicon (di)oxide thin film. 

In tiie above method, it is preferred that the ions 
implanted in the SiC surface in the first step are 
selected from any of oxygen, sflicon, carbon, an inert 
gas. nitrogen, arxi hydrogen, or a mixture thereof. 
These gases effoctively introduce defects in the SiC 
aystal, and, after oxidation, form silicon (di)oxide or turn 
into gases to be discharged, and therefore they do not 
remain to provide negative effects. 

In the akx>ve method, it is preferred that the dose of 
the ions implanted In the SiC surface in the first step as 
described atxjve is 10**^ ions/cm^ or more. 

In the above method, it is preferred that the energy 
of the ions implanted in the SiC surface in the first step 
as described above is between 1 keV and 10 MeV. 

In the above method, it is preferred that two or more 
types of energies of the ions implanted in the SiC sur- 
foce in the first step as described ak>ove are selected for 
multiple implantation. 

In the ak>ove method, it is preferred that when 
implanting ions in the SiC surface in the first step as 
described above, the SiC is maintained at SOO^'C or 
lower. 

In the above method, it is preferred tfiat ions are 
implanted in tiie SiC surface to form an amorphous 
layer near the SiC surface in the first step, and tiiat the 
SiC containing the amorphous layer is oxidized in the 
second step. The amorphous phase is less statMe than 
the crystal phase, so that the amorphous phase is eas- 
ily oxidized to form a silicon (di}oxide thin f Om. 

By the surface cleaning step according to the above 
method for manufacturing a SiC device, a SiC device 
can be formed first which comprises a surface having 
patterned st^ and terraces and has a surface defect 
density of 10^ cm~^ or less. 

Rg. 7 shows the basic structure of the SiC device of 
the present invention. The structure is a layered struc- 
ture comprising a silicon cart3ide/Si interface 73 with an 
n-type silicon carbide crystal 71 formed on the surface 
of an n-type Si sutjstrate 72. In this layered structure, 
the conduction band 84 of the n-type silicon carbkle 
crystal is smoothly connected to the conduction t>and 
85 of the n-type Si crystal sut^strate at a silicon car- 
btie/Si interface 83 as shown in the band diagram of 
Rg. 8. Since the main carrier is the electrons present in 
the conductor in the n-type semiconductor, such a factor 
that inhibits electron movement is not present at the 
interface of this silicon carbide/Si layered structure, 
allowing current to flow without resistance. In other lay- 
ered structures, p-type SiC/p-type Si. for example, a 
valence electron band 86. in which holes exist as the 
main carrier, is not smoothly connected as the conduc- 
tion band in the at>ove n-type SiC/n-type Si. Therefore, 
a step is produced at the silicon carbide/Si internee 83. 
a voltage drop occurs in the fonwaid direction, and 
resistance is generated wHh the earner movement (the 
current flow). In these other types of layered structures. 
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the electric conduction has resistance at the silicon car- 
bide/Si interface 83. This resistance causes a problem 
when a vertical-type silicon carbide power device is 
formed using the silicon carbide formed on a Si sub* 
strate surface. It is confirmed that the resistance is min- 5 
imum when the above silicon carbld^Si layered 
structure in which the n-type silicon carbide contacts the 
n-type Si sut>strate is included. The layered structure 
having an n-SiC/h-Si structure according to the present 
Invention is effective for various types of silicon carbide 10 
semiconductor devices in which current flows across 
this interface, and deuces such as low loss Schottky 
diodes, metal oxide semiconductor field effect transis- 
tors (MOSFET), and metal semiconductor field effect 
transistors (MESFET) can be formed. is 

In other words, it is preferred that the above SiC 
device comprises at least a layered structure in which 
an n-tyF>e silicon carbide crystal is formed on an n-type 
Si substrate surface. 

In the akx>ve SiC device, it is preferred that the so 
resistivity of the n-type Si siibstrate is 10^a • cm or 
less. When a vertical-type SiC device is formed on a 
conductive Si sut3strate having a resistivity of the above 
value or lower, current easily flows in the Si substrate, 
and the heat generating power loss cause by the current 2S 
is less, so that a highly efficient SiC device can be 
implemented. 

Also, it is preferred that the above SiC device com- 
prises at least a Schottl^ diode comprising a layered 
structure in which an n-type silicon carbide crystal is 30 
formed on an n-type Si sut>strate surface. According to 
such a structure, a vertical-type Schottky diode can be 
formed in which the electric junction at the SiC/Si inter- 
face is negligible and high breakdown voltage and low 
loss can be inrplemented. 35 

(Example 1) 

Using a commercially available product (a SIC 
wafer manufactured by CREE Corporation in the United 40 
Sates), the 6H-SiC(0001) silicon carbide wafer SI face, 
in which many defects due to surface polishing are con- 
tained near the surface, was introduced into a normal 
wet oxKlation apparatus for the Si process to canry out 
an oxidation treatment in a wet oxidation atmosphere, in 45 
which oxygen was bubbled with kx>iling water for fbw 
supply, at 1100**Cfor 1 hour. The thus formed oxide film 
had a thickness of about 40 nm. The refractive index of 
this oxide film was measured by ellipsometry. However, 
a reasonak)le value for a silicon (di)oxide film was not so 
obtained. It seems that because of the defects or impu- 
rities near the surface, a dean Si02/SiC interface was 
not formed. This oxide film was subjected to a txjffered 
hydrofluoric add treatment in which the oxide film was 
dissolved in a mixed solution of hydrofluoric acid and an ss 
aqueous solution containing 40 vol. wt% of ammonium 
fluoride (for exanple, a ratio of the hydrofluoric add to 
the aqueous solution containing 40 vol. wt% of ammo- 



nium fluoride is 1 :6). for removal. The defect layer near 
the surface was removed, and a dean surface was 
formed. This clean surface was irrtroduced into the 
atx>ve oxidation apparatus again to carry out the above 
oxidation treatment again. The refractive index of the 
second oxide film was measured with an ellipsometer. 
The refractive index was 1.45 with a thickness of 30 nm. 
Also, it was confirmed that the defects near the surface 
were removed and that a high performance silicon 
(di)Qxide film having a clean interfece was formed. Here, 
only the 6H-SiC was described. However, it was con- 
firmed that other SiCs such as 4H and 3C were also 
effective and that the surface was not limited to th 
(0001) face. 

It was confirmed by ESR (electron spin resonance) 
measurement that the thus formed clean surface had a 
defect density of IxlO^cm"^ or less. 

(Example 2) 

Another example of the surface treatment method 
for silicon carbide according to the method for manufac- 
turing a SiC device according to the present invention 
will be illustrated. As a first step, a 6H-SiC(0001) face:4- 
degree off Si ^ce single crystal substrate was intro- 
duced irrto an ion inpiantation apparatus, and oxygen 
ions were implanted at an energy of 30 eV in a dose of 
1x10^^. In the distribution of the oxygen implanted in the 
SiC crystal in this case, the peak position was at a depth 
of at>out 60 nm from the surface. Also the portion turned 
into an amorphous portion by the defects introduced by 
the ion implantation was at a depth of atx)ut 80 nm from 
the surface. In this case, the temperature of the sub- 
strate during oxygen inrplantation was maintained at 
lOO'^C or lower. This implanted SiC substrate was taken 
out from the ion inplantation apparatus and, as a sec- 
ond step, introduced into a normal wet oxidation appa- 
ratus to carry out an oxidation treatment in a wet oxygen 
atmosphere at 1 1 0O^^C for 1 hour in a manner similar to 
that of Example 1. The thus formed oxide film had a 
thickness of 150 nm, which was much larger than the 30 
nm for the wet oxkjation without ion implantation. TTie 
refractive index of this oxide film was measured by an 
ellipsometer. It was confirmed ttiat the refractive index 
was 1.45 and that a high performance silicon (di)Qxide 
fQm with a clean interface was formed. Here, the ion 
energy of 30 keV was described. However, an oxide film 
was effectively formed if the ion energy was within the 
range of the present invention. The dose and the tem- 
perature of SiC other than those of this example were 
also effective as long as they were within the range of 
the present invention. Furthermore, it was confirmed 
that an oxide film having a greater thickness, a thick- 
ness of 280 nm, was ok>tained by carrying out not only 
implantation at 30 keV but also that at 1 50 keV in a dose 
similar to that at 30 keV. Here, only the 6H-SiC was 
described. However, it was confirmed that other SiCs 
such as 4H and 3C were also effective and that the sur- 
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lace was not limited to the (0001) face. The thus formed 
oxide fOm was, as a third step, removed by a txiffered 
hydrc^tuoric add treatment in which the oxide film was 
dissolved in a mixed solution of hydrofluoric acid and a 
40 vol. % ammonium fluoride aqueous solution (lor 
example. 1 :6), to form a silicon carbide clean surface. 

It was confirmed t>y ESR (electron spin resonance) 
measurement that the thus formed dean surface had a 
defect density of IxlO^cm'^ or less. 

(Example 3) 

An example of the surface treatment method for sil- 
icon carbide according to the method for manufacturing 
a SiC devfice according to the present invention will be 
illustrated. As a first step, a 6H-SiC(0001) face:4-degree 
off Si face single crystal sut>strate was introduced into 
an ion implantation apparatus, and neon ions were 
implanted at an energy of 30 eV in a dose of 5x10^^. 
The distribution of the neon inplanted in the SiC crystal 
in this case was substantially the same as that of the 
oxygen in Example 2. and the peak position was at a 
depth of about 60 nm from the surface. Also, the portion 
turned into an amorphous portion by the defects intro- 
duced by the ion implantation was at a depth of about 
90 nm from the surface. In this case, the temperature of 
the substrate during neon implantation was maintained 
at lOO^'C or lower. This implanted SiC suk>strate was 
taken out from the ion implantation apparatus and. as a 
second step, introduced into a normal wet oxidation 
apparatus to carry out an oxkiation treatment in a wet 
oxygen atmosphere at 1100**C for 1 hour in a manner 
similar to that of Example 1 . The thus formed oxide film 
had a thickness of 150 nm, which was much larger than 
the 30 nm for the wet oxidation without ion Implantation. 
The refractive index of this oxide film was measured 
with an ellipsometer. It was confirmed that tiie refractive 
irxJex was 1.45 and that a high performance silicon 
(di)oxide film with a dean interface was formed. These 
thickness and refractive index were sut>stantially the 
same as ttiose for the oxygen ion implarrtation in Exam- 
ple 1 . H&r , the ion energy of 30 keV was descrit^. 
However, an oxide film was effectively formed if the ion 
nergy was within the range of the present invention. 
The dos and the temperature of SiC other than those 
of this example were also effective as long as they were 
within the range of the present invention. Furthermore, 
it was confirmed that an oxide film having a greater 
thickness, a thickness of 280 nm, was okstained by car- 
rying out not only implantation at 30 keV but also that at 
150 keV Here, only the 6H-SiC was descrOded. How- 
ever. It was confirmed that other SiCs such as 4H and 
3C were also effective and that the surface was not lim- 
ited to the (0001) face. The ions implanted in the first 
st^ were oxygen or neon in Examples 2-3. However, a 
good silicon (di)oxkJe thin film was also formed by using 
other ions, e.g. a sut>stance such as silicon that is 
turned into an insulating material such as silicon 



(di)oxide by oxidation, a sii^stance such as cartx)n that 
is turned into a gas such as cartx>n dioxide by oxidation, 
a sut>stance that is a stafcJe gas, such as nitrogen, 
argon, krypton, or xenon, and a substance such as 

5 hydrogen that is turned into water by oxidation and 
tumed into a gas at high temperature. The thus formed 
oxide film was, as a third step, renrK)ved by a txjffered 
hydrofluoric acid treatment similar to that in Example 2 
to form a silicon cartMde dean surfEice. 

10 It was confinned by ESR (electron spin resonance) 
measurement that the thus formed dean surface had a 
defect density of IxlO^cm"^ or less. 

(Example 4) 

15 

Oxygen Ions were implanted as described in Exam- 
ple 2 in a portion of a silicon carbide substrate (diame- 
ter: 30 mm) similar to that used in Example 2, while part 
of the ion beams was blocked using a metallic mask 

20 made of stainless steel. The portions where implanta- 
tion was carried out at an energy of 30 keV and at an 
energy of 150 keV + 30 keV were formed each with a 
size of 5 mm by 5 mm. The doses for ion inplantation 
were 1 x1 0^^ ions/cm^ for the implantation at 30 keV and 

25 1x10^^ ions/cm^ at each energy for the multiple implan- 
tation at 30 keV + 150 keV. The ion implanted silicon 
carbide sut>strate was subjected to an oxidation treat- 
ment similar to that in Example 2. A SIO2 film was 
formed which had a thickness of 30 nm in the masked 

30 region that was not subjected to ion implantation, a 
thickness of 150 nm in the 30 keV ion implanted region, 
and a thickness of 280 nm in the 30 keV + 150 keV ion 
implanted region. When the pattemed oxide film was 
removed by a buffered hydrofluoric acid treatment simi- 

35 lar to that in Exanple 2, silicon caibide dean surfaces 
were formed in the 5-mm-by-5-mm patterns at depths of 
60 nm and 120 nm. 

It was confirmed by ESR (electron spin resonance) 
measurement that the thus formed dean surface had a 

40 defect density of IxlO^cm"^ or less. 

It was confirmed that the defect density further 
decreased if this clean silicon caibide surface was sut>- 
jected to the above oxidation treatment and the oxide 
film etching treatment again. The defect density further 

45 decreased if the above (»ddation treatment and the 
oxide fSm etching treatment were repeated sev ral 
times. 

(Examples) 

so 

A silicon carbide sur^ce was subjected to reactive 
ion etdiing in a CF4+O2 atmosphere using an Al thin 
fQm as a mask to form a pattern. It was confirmed by 
ESR measurement that this surface had a defect den- 
55 sity of 10^ cm*^ or more. This surface was subjected to 
an oxidation treatment by a method similar to that Olus- 
trated in Example 1 to form an oxide film. This oxkJe fQm 
was removed by a t>uflered hydrofluoric add treatment 
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similar to that in Example 2. The defect density was 1 0^ 
cm'2 or less. 

In this case, rt was also confirmed that with a silicon 
carbide surface on which a pattern was formed by reac- 
tive ion etching using other gases such as HF, ion mill- s 
ing with an inert gas such as Ar at several keV, plasma 
etching with a hydrogen chloride gas, laser etching 
using excimer lasers, mechanical cutting with a dia- 
mond saw or the like, or grinding using a diamond 
paste, the above silicon caibide dean surface was io 
formed tsfy the method for forming and etching an oxide 
film according to the present invention. 

Furthermore, the atx>ve silicon carbide clean sur- 
face was ato formed by forming a r^atively thick oxide 
film by ion implantation similar to those in Example 2 or 75 
3, to the silicon caibide surface, on which a pattern was 
formed by an etching treatment, €md removing this 
oxide film. 

The defect density further decreased if the above 
oxidation treatment and the oxide film etching treatment so 
were repeated several times as in Example 4. 

(Example 6) 

A Si(001) 4-degree-offcut in the [1 10] direction suk> 2S 
strata was introduced into a MBE apparatus and heated 
to 900''C or higher urxjer a high vacuum of rKyt more 
than 10'^ Torr to form a Si clean surface on which a 
Si(001)(2x1) surface reconstruction was observed by 
Reflective High Energy Electron Diffraction (RHEED). 3o 

The Si(001)2x1 clean surface was fbmned by heat- 
ing the Si ajt>strate under high vacuum here. However, 
it was corrf irmed that the cleaning was performed at a 
vacuum of not more than 10'® Torr and/or in a hydrogen 
gas atmosphere under a lower vacuum. Under a vac- 35 
uum poorer than this vacuum, SiC was formed in ran- 
dom directions on the Si surface before cleaning, so that 
heteroepitaxial growth was not carried out uniformly. 
Also, the cleaning was performed by irradiation with 
light having a wavelength of the ultraviolet light range, 4o 
such as excimer lasers or deuterium lamp light, rather 
than heating. Also, a clean surface was formed by expo- 
sure to a reactive etching gas such as ozone and chlo- 
rine or chloride and fluorine or a fluoride gas, rather 
than urxler high vacuum. 45 

After this clean surtace was cooled to 400**C or 
lower, the temperature was raised at a temperature 
increase rate of 100*^0 per minute. From the moment 
when the sut>strate temperature reached 400''C. cartx>n 
atoms were vaporized from an electron beam evapo- so 
rater apparatus, in which a crucible filled witii graphite 
chunks was irradiated t)y an electron gun, and supplied 
to the sut>strate surface to carry out the first step. In this 
case, the distance from the crucible to tiie substrate 
was about 40 cm, and the surtat^le power supply to the ss 
electron beam evaporater apparatus was about 8kV 
and 100 mA. The cart>on supplied to the substrate sur- 
face formed a cartx>n tiiin film until the Si sut>stFate tem- 



perature reached 600^0 at which point the reaction 
between the Si substrate surface and cartoon started. 
The cartx)n thin film formed on the Si substrate surface 
by the first step, had a thickness of about a 5-atomic 
layer. 

In the first step of the present invention, the cartx>n 
supply started from at 400''C wftile the temperature of 
the sut>strate rose, and a thin film containing cartx>n 
was formed while the temperature rose from 400''C or 
less to 600*'C. However, it was confirmed that ttie car- 
bon thin f am was also formed with the sutsstrate temper- 
ature being constant or changed in the range of -ISS^'C 
to 600*^0 and that such a temperature was effective. 
The temperature should be eoo^'C or lower, and it Is not 
limited to 400''C. if cartx)n is supplied from at a temper- 
ature of 600^*0 or higher for carbonation. pits are easily 
formed under the SiC/Si interface, so that crystal grains 
having different crystal directions grow easily. 

Also, it was confirmed that if the formed cartx)n film 
was in the range of a 1 - to 20-atomic layer, good crystal- 
line silicon carbide was formed by carbonization in th 
second step. With a 1 -atomic layer or less, the reaction 
was uniformless. Witii 20-atomic layers or more, the 
cartx>n thin film was very stafc)le, so that the reaction did 
not easily occur in the second step. It was confirmed 
tiiat the formed cart>on tiiin film was also effective if it 
contained hydrogen, chlorine, or the like, other than car- 
bon. In this case, the thin film containing caibon formed 
by the first step was an amorphous thin f flm. In the car- 
bonization of the second step, the amorphous thin f Dm 
was ntore reactive than crystalline thin films, so tfiat SiC 
having few defects, that is a high performance cartx>n- 
ized layer, was eff icientiy formed. 

In this example, the caibon was supplied fi^om the 
electron k>eam evaporater apparatus in tiie form of an 
atom or a cluster, and therefore the supply was different 
from tfiat of gaseous cartx>n. It was confirmed that if 
1x1 0'^ Torr or rrx>re of a gaseous cart>on source such as 
C2H4 was supplied during the formation of the thin film 
of this example, the formation of single-phase 3C-SiC 
descrit^ed in the example deteriorated, so that a number 
of twins were formed. This is prot^ably because during 
the carbonization reaction in the second step, the reac- 
tion between tiie gas and tiie Si sulDstrate surface selec- 
tively occurs at the steps of the Si substrate surfac 
and/or the defects, so that the formed silicon carbide 
contains a number of lattice defects, twins, pits or the 
like. Thus, it was confirmed that, in order to implement 
the method for manufacturing a silicon carbide tiiin film 
according to the present invention, the supply of molec- 
ular beams of cartxm rather than gaseous cart>on was 
eftective and it was effective to form a cartoon thin film 
on a siA)strate surface maintained at low temperature in 
the first st^. In this case, it was confirmed that a cartxn 
thin film was also formed in the first step, witii a cartx>n 
source in which a liydrocartx)n gas was cracked using a 
filament rather than tiie cait)on supplied from the elec- 
tron beam evaporater apparatus and that such a cartx>n 
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source was effective. 

TTie substrate temperature was raised while the 
cart>on was supplied, and the cartwnization treatment 
of the second step was carried out under a temperature 
of 800*^0 or more. In this case, it was confirmed that the s 
SiC crystal grains formed in the cart>onization process 
had the same crystal direction. This is because a 
number of terraces and steps are present in the offcut 
sut»strate surface, so that the surface reactivity is differ- 
ent between in the P direction of the long atomic rows 
parallel to step edges and in the N direction of the short 
atomic rows, on the tenaces, perpendicular to the step 
edges and parted by the step edges. In other words, it Is 
believed that since the t>asic mechanism of the cartx>n- 
ization is a solid phase reaction between the cartoon thin 
film having a several-atomic layer and the Si(001) sur- 
face causing Si [110] and cartxm to shrink, shorter Si 
[110] atomic rows can shrink more easily to form a uni- 
form 3C-SiC(001)/Si(001) interface. In the above offcut 
suk)strate surface, the shrinkage of the Si [110] atomic 
rows occurs more easily in the N direction, and the 
Si(lower portion) C(upper portion) direction of the [110] 
of th 3C-SiC crystal is equal to the N direction. 

In the second step, it was confirmed that cartx»niza- 
tion occurred if the temperature of the Si sufc)strate was 
raised in the range of SOO^'C to the nrielting point of Si. 
Also, it was confirmed that if the temperature increase 
rate was in the range of 20''C/minute to SOC'C /minute 
between 600*'C and lOOO^'C at which cart>onization pro- 
ceeds, heteroepitaxial silicon carbide was formed on 
the Si sitetrate surface. At a temperature increase rate 
higher than this range, it was difficult to raise the tem- 
perature of the sut>strate uniformly At a temperature 
increase rate lower than this range, the uniformity of the 
interface degraded. If the first and second steps 
described so far were carried out under a high vacuum 
of not more than 10"^ Tonr. twin occurrence was inhib- 
ited, and such processes were effective. 

From the moment the substrate temperature 
reached lOSO'^C, silicon was supplied from a Knudsen 
cell in addition to cartx>n to canry out the third step. In 
this case, the temperature of the Si Knudsen cell was 
maintained at 1357''C. The crystallinity of the sut>strate 
surface was constantly monitored by RHEED in the 
growth chamber off the MBE to can-y out in-situ analysis. 
The amount of C/Si supplied to the 3C-SiC(001) growth 
surface was controlled so that the 3C-SiC(001) surface 
constantly maintained a stable (3x2) surface recon- 
struction structure (surlace-structure-controlled 
growth). The 3C-SiC(001)(3x2) surface has a structure 
in which excess Si atoms are added to the Si-termi- 
nated surface and has excess Si compared with the 
structure of SiC with C/Si = 1 . In the growth of the 3C- 
SiC(001) surface by this surface-structure-controlled 
growth. Si atoms are supplied from the surface having 
excessive Si constantly, so that the growth in the 
Si(upper portion)C(lower portion) direction selectively 
occurs and the crystal grains grow longer in this direc- 



tion. If the selective growth direction of the crystal grains 
is equal to the long P direction on the terraces of the off- 
cut substrate surface, the growth of the crystal grains 
proceeds on the tenraces without being disturbed by the 
steps, so that the growth of a single-phase 3C-SiC sin- 
gle aystal is easily proceeded. On the other hand, in 
the anti-phase domain in the position forming an angle 
of 90 degrees with respect to the atXTve crystal direc- 
tion, the selective growth direction is in the N direction, 
so that the growth is constantiy inhibited fc>y the steps. It 
is believed that when two types of the akx3ve anti-phase 
domains grow, the crystal grains, whose selective 
growtii direction is equal to the P direction, selectively 
grow, and the anti-phase domain disappears with 
growtii. The above crystal direction of the 3C-SiC 
formed by cart>onization of the off-cut surface was in the 
SiOower portion)C(upper portion)//N direction. This 
crystal direction is equal to the Si(upper portion)COower 
portion)//P direction considering the selective growth on 
the terraces. In other words, if the above cart>onization 
treatment and the surface-structure-oontrolled growth 
are carried out, the 3C-SiC single crystal having the 
S£ime azimuth selectively grows, and the growth of other 
anti-phase domains is inhibited. If the 3C-SiC single 
crystal having a certain thickness is grown, a single- 
phase 3C-SiC single crystal tiiin f Qm is obtained. 

Fig. 9 shows a tracing of a scanning electron micro- 
scope (SEM) photograph of a singl&iDhase 3C- 
SiC(001) surface having a thickness of 100 nm sub- 
jected to the above surface control growtii for 3 hours. It 
can be observed that crystal grains having the same 
azimuth selectively grow on the terraces to proceed 
coalescerK;e to form a large single crystal. The 
observed crystal grains had a size of about 100 nm witii 
respect to tiie thickness of 100 nm. If the growtii of this 
thin film further continued, these crystal grains became 
further coalesce to form large single crystal grains. 

Rg. 10A shows an ESR spectrum from a single- 
phase 3C-SIC single crystal thin f flm having a thickness 
of 100 nm grown by ttie method for forming a silicon car- 
bide thin fDm according to the present invention. Rg. 
10B shows an ESR spectrum for a silicon carbide thin 
film formed by another method (cartxviization reaction 
caused by the reaction between a gas and a Si sub- 
strate surface) for comparison. The spectrum of Si dan- 
gGng bonds corresponding to the lattice defects 
observed in Rg. 10B was not observed in Rg. 10A 
formed by the method for manufacturing a silicon car- 
bide thin film according to the present invention, and it 
was confirmed that the lattice defects in the thin film 
were remarkably decreased. 

In this example, the off-cut substrate was used as 
the Si(OOI) sut>strate having anisotroF^. However, a 
just-cut suk)strate having a surface to which roughness 
is provided t>y anisotropic etching may be used if its sur- 
face has anisotropy and comprises terraces and steps. 
The direction for the off -cut is not limited to the [110] 
direction. The substrate off-cut in any direction may be 



IS 



20 



25 



30 



35 



40 



45 



SO 



14 



<EP_0846803A1 J_> 



27 



EP0845 803A1 



28 



used if the [1 10] direction and the [110] direction (form- 
ing an angle of 90 degrees with respect to the [110] 
direction) are not equal and are anisotropic. In order to 
fully ensure the anisotropy to form single-phase SIC eff i- 
cientiy, tiie direction of ttie step edges of the Si surface s 
preferably forms an angle in the range of 0 to 30 
degrees with respect to ttie SI [1 10] direction. 

In this example, the angle of the off-cut was 4 
degrees, and the width of the terrace was about 2 nm. 
However, a good single-phase 3C-SiC single crystal io 
thin film was also obtained if the angle of the off-cut was 
varied to change the width of the terrace in the range of 
0.5 nm to 100 nm. With a terrace width of less than 0.5 
nm, a nurrt>er of twins were formed by cartx>nization. so 
that a single-ph^e single crystal thin film was not is 
formed. Also, with a terrace width of more than 100 nm. 
the anisotropy did not act effectively in the cartonization 
mechanism, so that a two-phase thin film comprising an 
antiiDhase boundary (APB) was formed. 

In this example, the 3C-SiC(001) surface had a 20 
(3x2) surface reconstruction arxl maintained an excess 
Si surlace in which additional Si was present on the Si 
terminate (001) surface for growth in the process for 
supplying cartx>n and silicon after carbonization to grow 
SiC(001). The present invention ¥vas also effective 25 
when tiie growth was carried out so that the surface 
rearrangement maintained other reconstruction struc- 
tures (5x2). (7x2)... .{2n + 1,2)(n is a positive integer). 
Also, the present invention was effective with the (2x1) 
surface, that is the Si terminate (001) surfaca The suit- 30 
able Si/C abundance ratio of the excess Si surface is in 
the range of 1 to 2. If the Si/C ratio was 2 or more, the 
crystal grains of Si deposited on the SiC surfoce to 
inhibit the growth of SiC, so that SiC having good crys- 
tallinity was not grown. 35 

In this example, the Si(001) surface was described. 
However, tiie inventor confirmed that the above metiiod 
for growing SiC according to tiie present invention was 
also effective for otiier surfaces of the Si sut^strate. such 
as a Si(1 1 1) face. TTie process for forming a thin film 40 
containing cartx)n to cart>onize and grow the thin film, 
the cleaning of the Si sut>strate. arvj the use of the Si 
sut^strate having anisotropy were similar to those of the 
method for growing a 3C-SiC (001) face. For controlling 
the Si/C ratio during growth, an excess C surface was ^ 
suitable for the growth of the 3C-SiC(1 1 1). contrary to 
the 3C-SiC(001). Witti excess Si. a 3C-SiC(001) facet 
appeared on the 3C-SiC(111) surface, so tiiat the 
roughness of the surfece was perceived, and Si crystal 
grains grew in some cases. The suitable Si/C ratio was so 
in the range of 1 to 0.5. In a Si/C ratio of 0.5 or less, the 
rcxjghness of the surface of the 3C-SiC(111) film was 
perceived. The inventor confirmed that the optimal con- 
ditions for growing tiie 3C>SiC(111) face and an a- 
SiC(0001 ) surface were sut>stantially the same. In otiier ss 
words, the excess C sur^ce is suitat>le for growing the 
a-SiC(0001) surface. Out of the optimal conditions, 
problems similar to tiiose of the 3C-SiC(1 1 1) occurred. 



(Example 7) 

Met a siGcon carbide thin film fiaving a thickness of 
100 nm was formed on a Si suk>strate according to 
Example 6, tiie substrate was imroduced into a CVD 
apparatus to grow silicon carbide at high speed. The 
substrate was heated to ISOO^'C by induction heating. A 
hydrogen gas was supplied as the carrier gas at a flow 
rate of 2 sIm. and a silane gas and a propane gas were 
supplied as the raw material gases at 1 seem and 0.4 
seem respectively. TTie growtii chamber was subjected 
to vacuum by a rotary pump and maintained at atx>ut 
100 Torr. By carrying out growth under the conditions for 
5 hours, a low defect silicon carbide tiiin film having a 
thickness of 12 microns grew. This example comprises 
carrying out at least the first and second steps with a 
MBE apparatus under high vacuum and carrying out the 
third step or a part of the third step with a CVD appara- 
tus, and is suitable for growing a thick heteroepitaxial 
film for electronic devices. 

(Example 8) 

In tills example, a SiC surface treatment method 
according to the mettiod for manufacturing a SiC device 
will be described. A 6H-SiC(0001) fece:4-degree off Si 
face single crystal substrate was introduced into an ion 
inplantation apparatus, and oxygen ions were 
implanted at an energy of 30 eV in a dose of 1x10**^. 
The distribution of the oxygen implanted in a SiC crystal 
71 in this ease was as shown in Rg. 11. arKl a peak 
position 1 15 was at a depfli of about 600 nm from a sur- 
face 112. Also, tiie portion 114, turned into an amor- 
phous portion by tiie defects introduced by ion 113 
implantation, was at a depth about 80 nm from the sur- 
fece In this ease, the temperature of the sut>stiHte dur- 
ing oxygen implantation was maintained at lOO^'C or 
lower. This imf^anted SiC sut^strate was removed from 
the ion implantation apparatus and introduced into a 
normal wet oxidation apparatus to carry out an oxidation 
treatment in a wet oxygen atmosphere at IIOO'^C for 1 
hour. The thus formed oxide film had a thickness of 150 
nm. wfiich was much larger tiian 30 nm for the wet oxi- 
datk>n without ion inplantation. The refractive index of 
this oxkie fOm was measured by an elfipsometer. it was 
confirmed that the refractive index was 1.45 and that a 
high performance silicon (di)oxide film witii a dean 
interface was formed. Here, the ion energy of 30 keV 
was described. However, an oxide film was effectively 
formed if the ion energy was within the range of the 
present application. The dose and the temperature of 
SiC other than those of this example were also effectiv 
as long as they were within the range of the present 
invention. Furtiiermore. it was confirmed that an oxide 
film having a greater thickness, a thickness of 280 nm. 
was obtained by carrying out not only implantation at 30 
keV but also ttiat at 1 50 keV. Here, only ttie 6H-SiC was 
described. However, it was confirmed that other SiCs 
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such as 4H and 3C were also effective and that the sur- 
face was not limited to the (0001) face. 

(Example 9) 

In this example, another SiC surface treatment 
method according to the method for manufacturing a 
SiC device will be descrit>ed. A 6H-SiC(0001) face:4- 
degree off Si face single crystal substrate was intro- 
duced into an ion Implantation a;^3aratus, and neon ions 
were Implanted at an energy of 30 eV In a dose of 
5x10^^. The distribution of the neon impianted in the 
SiC crystal in this case was substantially the same as 
that of the oxygen in Example 3. and the peak position 
was at a depth of about 60 nm from the surface. Also, 
the portion turned into an amorphous portion by the 
defects Introduced by the ion implantation was at a 
depth about 90 nm from the surface. In this case, the 
temperature of the substrate during oxygen inplanta- 
tion was maintained at 100**C or lower. This implanted 
SiC sut>strate was taken off from the ion implantation 
apparatus and introduced into a normal wet oxidation 
apparatus to carry out an oxidation treatment in a wet 
oxygen atmosphere at 1100**C for 1 hour. The thus 
formed oxide film had a thickness of 1 50 nm. which was 
much larger than 30 nm for the wet oxidation without ion 
implantation. The refractive index of this oxide film was 
measured with an ellipsometer. It was confirmed that 
the refractive index was 1.45 and that a high perform- 
ance silicon (di)oxide film having a clean interface was 
formed. These thickness and refractive index were sut> 
stantially the same as those for the oxygen ion implan- 
tation in Example 3. Here, the ion energy of 30 keV was 
described. However, an oxide film was effectively 
formed if the ion energy was within the range of the 
present invention. The dose and the temperature of SiC 
other than those of this example were also effective as 
long as they are within the range of the present inven- 
tion. FurthQ-more. it was confirmed that an oxide film 
having a greater thickness, a thickness of 280 nm, was 
obtained by carrying out not only implantation at 30 keV 
but also at 150 keV. Here, only the 6H-SiC was 
described. However, it was confirmed that other SiCs 
such as 4H and 3C were also effective and that the sur- 
fac was not limited to the (0001) face. The ions 
implanted in the first step were oxygen or neon in Exam- 
ples 8 and 9. However, a good silicon (di)CKide thin film 
was also formed by using other 'tons, e.g. a substance 
such as silicon that is turned into an insulating material 
such as silicon (di)oxide by oxidation, a substance such 
as carbon that is turned into a gas such as cart>on diox- 
ide by oxidation, a sul^stEmce that is a stable gas, such 
as nitrogen, argon, krypton, or xerx^n. and a sut)stance 
such as hydrogen that is turned into water by oxidation 
and turned into a gas at high temperature. 



(Example 10) 

A Si(OOI) 4-degree-offcut in the [1 10] direction sub- 
strate of n-type Si having a resistivity of 10 Qcm was 

5 introduced into a MBE apparatus and heated to 900*'C 
or more under a high vacuum of not more than 10*^ Torr 
to form a Si dean surface on which a Sl(001)(2x1) sur- 
face reconstruction was obs^ed t>y RHEED. After this 
dean surface was cooled to AOO^'C or lower, the temper- 

10 ature was raised at a temperature increase rate of 
lOO'^C per minute. From the nrx>ment when the sub- 
strate temperature reached 400''C, cartx>n atoms were 
vaporized from an electron beam evaporater apparatus 
in which a crucible filled with graphite chunks was irradi- 

15 ated by an electron gun and supplied to the sut^strate 
surface. In this case, the distance from the crudble to 
the sut)strate was about 40 cm, and the ^jitable power 
supply to the electron t>eam vapor deposition apparatus 
was atx)ut 8kV and 1 00 mA. The substrate temperature 

20 was raised while the cartx>n was supplied, and the car- 
bonization treatment was carried out in the process of a 
tenr^^erature increase of 800**C or more, in this case, it 
was confirmed that the SiC crystal grains formed in the 
carbonization process had the same crystal direction. 

25 This is because a number of terraces and steps are 
present in the offcut substrate surface, so that the sur- 
face reactivity is different between in the P direction of 
tiie long atomic rows parallel to the step edges and in 
tiie N direction of the short atomic rows, on the terraces, 

30 perpendicular to the step edges and parted by the step 
edges. 

It is t>elieved that as the basic mechanism of the 
cartx)nizatbn is tiiat a solid phase reaction between tiie 
cartxMi thin film having a several-atomic layer and the 

35 Si(001) surface causes Si[110] and carbon to shrink, 
shorter Si [110] atomic rows can shrink more easily to 
form a uniform 3C-SiC(001)/Si(001) interface. In the 
above offcut sut)strate surface, the shrinkage of the Si 
[110] atomic rows occurs more easily in the N direction, 

40 and the Si(lower portion)C(upper portion) direction of 
the [1 10] of the 3C-SiC crystal is equal to the N direc- 
tion. 

From the moment the sut>strate temperature 
reached lOSO^'C, silicon was supplied from a Knudsen 
45 cell in addition to cartx>n. In this case, the temperature 
of the Si Knudesen cell was maintained at 1357'*C. The 
crystallinrty of the substrate surface was constantly 
ot)served by RHEED in the growth chamber of the MBE 
to carry out in-situ analysis. The amount of C/Si sup- 
so pGed to the 3C-SiC(001) growth surface was controlled 
so that the 3C-SiC(001) surface constantly mamtained 
a stable (3x2) surface reanrangement structure (surface 
control growth). The 3C-SIC(001)(3x2) surface has a 
structure in which excess Si atoms are added to the Si- 
55 terminated surface and has excess ^ compared wHh 
the structure of SiC with C^si . in the growtti of the 3C- 
SiC(001) surface by this surfece control growth. Si 
atoms are siqsplied from the surtece having excess Si 
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constantly, so that the growth in the Si(upper por- 
tion)C{lower portion) direction selectively occurs. If the 
direction is equal to the P direction, the growth of the 
crystal grains proceeds on the terraces without being 
disturbed by the steps, so that the growth of a single- 5 
phase 3C-SiC single crystal is easily obtained. On the 
other hand, in the anti-phase domain in the position 
forming an angle of 90 degrees with respect to the 
at>ove aystal direction, the selective growth direction is 
in the N direction, so that the growth is constantly inhit> ro 
ited t>y the steps. It is believed that when two types of 
the atx3ve anti-phase domains grow, the crysted grains 
whose selective growth direction is equal to the P direc- 
tion selectively grow, and tiie other anti-phase domain 
disappears with growth. The above crystal direction of 75 
the 3C-SiC formed by cartx>nization of the off-cut sur- 
face was in the Si(lower portion)C(upper portion)//N 
direction. This crystal cErection is equal to the Si(upper 
portion)C(lower portion)//P direction considering the 
selective growth on the terraces. In other words, if tiie 20 
above cartx)niza1ion treatment and the surface control 
growth were carried out, the 3C-SiC single crystal hav- 
ing the same azimutii selectively grows, and the growth 
of other anti-phase domains was inhibited. If tiie 3C-SiC 
single crystal having a certain thickness (20 nm or 25 
more) were grown, a single-phase 3C-SiC single crystal 
thin film was obtained. In this case, an n-type Si sub- 
strate was used. By introducing nitrogen Into the growth 
chamber so that the vacuum was 10*® Torr or more for 
further growing the aftx)ve SiC, N was doped to make 30 
the SiC tiiin film of n-type as well. 

This single-layer silicon caibide film was further 
grown by the CVD method to form sifioon carbide having 
a thickness of 30 microns on the Si sut>strate. In this 
case, a hydrogen gas, a silane gas, and a propane gas ss 
were introduced into the CVD growtii chamber at 2 LM, 
1 seem, and 0.4 seem respectively. The crystal growth 
was performed at a reduced pressure of about 100 Torr, 
with these gases being sucked by a rotary punp. The 
suk)stFate was put on a susceptor of graphite and 40 
heated to atx)ut ISOO'^G by induction heating at a high* 
frequency of 20 kHz. By also introducing a nitrogen gas 
at atx)ut 1 seem during growth, the growing silicon ear- 
bide became an n-type semiconductor. 

As shown in Fig. 12, the surface on the SiC 121 45 
side of the n-SiC/n-Si layered structure formed as 
described above was subjected to electron beam vapor 
deposition of Ni arxJ heat treatment at 900**C in an Ar 
atnrK>sphere to form an electrode 128. In this case, a Si 
sut>strate 122 had a thickness of 0.5 mm, and the SiC so 
thin film 121 had a thickness of 30 microns. Also, an 
AiSi electrode 127 was formed on the back surface on 
the Si side by a sputtering deposition method to form 
the electrode on the Si side These electrodes were 
ohmically connected to Si and SiC respectively. Voltage ss 
was applied to the electrodes 1 27 arKj 128 on the ak)ove 
Si and SiC sides to measure the l-V characteristics. Lin- 
ear characteristics that do not have polarity as shown in 



Fig. 13 were ok)served. This shows that the conductors 
at the SiC/Si interface were smoothly connected without 
discontinuity. The current flowing across this SiC/Si 
interface does not feel the interface and feels only a sim- 
ple electric resistance of the current path. In this exam- 
ple, the resistivity of the Si sutDStrate was 100 • cm. 
However, in the range of lO^Q • cm or less, good l-V 
characteristics were ot>served. For ottier SiC/Si inter- 
face comtDinations. n-SiC/t>-Si. p-SiC/h-Si. and p-SiC/p- 
Si. the l-V characteristics of the atx}ve SiC/Si had polar- 
ity, and the discontinuity of the band at the interface was 
confirmed. 

(Example 11) 

An n-SiC/n-Si layered structure was formed in a 
manner similar to that of Example 10. Only this layered 
^ructijre had low resistance l-V characteristics. It was 
confirmed that in a Schottky diode in which a gold 
Schotti^ electrode 149 was formed on a SiC 141 sur- 
face t>y an electric resistance heating vapor deposition 
method, when current flowed in a directbn across the 
SiC/Si interface, fonvard direction voltage drop or the 
like did not occur at the interface, resulting in an kleal 
low resistance. The other electrode \& the same as tiiat 
in Example 10. Rg. 15 shows the l-V characteristics of 
the Schottky diode of Example 1 1 . The resistance in the 
fonward direction was minimal compared with other 
structures such as p-SiC/)>Si. 

Industrial Avallabilitv 

As described above, according to the present 
invention, a method for manufacturing a device and a 
single crystal thin film of silicon carbide (SiC). which are 
wide band gap semiconductor materials and can be 
applied to semiconductor devices such as high power 
devices, high temperature devices, and environmentally 
resistant devices, can be provided. More particularly, 
the present invention can provide a method for forming 
an Insulating film and a method for forming a dean sur- 
face in application for an electronic devtee such as a 
semiconductor device or a sensor using silicon carbide 
(SiC). a method for forming a surface structure having a 
trench structure or the like, and a SiC device having the 
formed low defect surface. Furthermore, the present 
invention can provide a method for forming a single- 
phase 3C-SiC single crystal thin film fiaving a few crys- 
tal defects on a Si wafer by hetero^sitaxial growth on 
the Si sul^strate surface. 

Claims 

1 . A method for manufacturing a SiC device compris- 
ing a step for heating a silicon carbide crystal in an 
oxygen atmosphere to form a silicon (di)oxide thin 
film on a silicon carbide crystal surface, and a step 
(or etching the silicon (di)oxide tiiin film formed on 
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the silicon caibide crystal surface. 

2. The method according to claim 1 . comprising a first 
step for implanting ions to at least a part of a sur- 
face of a SiC s9icon carbide to introduce 
crystal defects near the SiC crystal surface, a sec- 
ond step for heating the SiC crystal, to which the 
ions are implanted and the defects are introduced, 
in an oxygen atmosphere to form a silicon (di)oxide 
thin film on the SiC crystal surface, and a third step 
for etching the silicon (di)CKide thin film formed on 
the SiC crystal surface. 

3. The method accorcSng to claim 2, wherein the ion 
impylanted to the SiC surface in the first step is at 
least one gas selected from the group cons^ng of 
oxyg n, silicon, carbon, an inert gas. nitrogen, and 
hydrogen. 

4. Th method according to claim 2. wherein a dose of 
the ions implanted to the SiC surface in the first 
step is 10**^ ions/cnn^ or more. 

5. The method according to claim 2. wherein an 
energy of the ions implanted to the SiC surface in 
the first step is 1 keV to 10 MeV. 

6. The method according to claim 2, wherein two or 
more types of energies of the ions implanted to the 
SiC surface in the first step are selected for multiple 
implantation. 

7. The method according to claim 2, wherein a tem- 
perature of the SiC is maintained at 500''C or lower 
when implanting ions to the SiC surface in the first 
step. 

8. The method according to claim 2, wherein an amor- 
phous layer Is formed near the SiC surface by 
implanting ions to the SiC surface in the first step, 
and the SiC containing the amorphous layer Is oxi- 
dized in the secorxl step. 

9. The method according to claim 2, wherein a peirt of 
th SiC surface is masked and a portion whe^e Ions 
ar implanted is pattemed when ions are implanted 
to the SiC surface in the first step. 

10. The method according to claim 2. wherein at least 
one factor selected from the group consisting of an 
energy of the implanted ions, ion species, and ion 
density is different deperding on a place on the SiC 
surface ard patterning is performed when ions are 
implanted to the SiC surface in the f ir^ step. 

11. The method according to daim 1, wherein a silicon 
cart)ide surface on which pattmied steps and ter- 
races are formed by an etching treatment is heated 



in an oxygen atmosphere to form a silicon (di)oxide 
thin film on the silicon carbide crystal surf^, and 
the defects introduced by the etching treatment are 
removed by further etching the silicon (dl)oxide thin 
5 fOm formed on the silicon carfcMde crystal surface. 

12. The method according to daim 11. wherein the 
etching treatment is performed by at least ne 
method selected from the group consisting of reac- 
ts tive ion etching, ion milling, plasma etching, laser 

etching, mechanical cutting, and mechanical grind- 
ing. 

13. The method according to daim 1 , comprising a first 
15 Step for supplying cartx)n to a Si sut>strate surface 

maintained at low tenrperature to form a thin film 
containing cart>on on the Si sul^strate surfac . a 
second step for heating the Si sut>strate surfac to 
cause a solid phase reaction between the Si sub- 
20 strata and the thin film containing cartx>n to cartx>n- 
ize the Si 8ut>strate surface to form silicon carbide, 
and a third step for supplying cart>on and silicon 
after cart)onization to grow silicon carbide so as to 
obtain a silicon carbide crystal film on the Si suk>- 
25 strate. 

14. TTie method according to daim 13. wherein the Si 
sut)strate surface is maintained in a temperature 
range of a liquid nitrogen temperature, -ISS^'C. to 

30 600*C. 

15. The method according to claim 13. wherein the thin 
fflm formed on the Si substrate surface by the first 
step contains cartx)n corresponding to a thickness 

35 of a 1 -atomic layer to 20-atomic layers. 

16. The method according to daim 13. wherein tiiethin 
film formed on the Si sut)strate surface by the first 
step is an amorphous thin film containing carbon. 

40 

17. The method according to daim 13, wherein a sut>- 
stance containing cart»n supplied to the Si sut>- 
strate surface in the first step contains at least 
moleculeU' carbon. 

45 

1& The method according to daim 13. wherein the Si 
substrate surface is heated to a temperature range 
of SOO^'C to 1414<>C. the melting point of Si. in the 
second step. 

so 

19. The method according to daim 13. wherein a tem- 
perature increase rate between eoO'^C and 1000^'C 
is 20<'C/min. to 500''C/min. when heating ttie Si 
sutsstrate surface in the second step. 

55 

20. The method according to daim 1 3. wherein at least 
the first and the second steps are canned out under 
a vacuum off not more than 10'^ Torr. 



20 



25 



45 



SO 



JNSOOCID: <EP_0846803A1J_> 



18 



35 



EP0845 803A1 



36 



21 . The method according to daim 13, wherein at least 
the first and second steps are carried out by a 
molecular beam epitaxy (MBE) process under vac- 
uum, and the third step or a part of the third st^ is 
carried out by a chemical vapor deposition (CVD) 5 
process provicBng a fast growth rate. 

22. The methcxd according to daim 13, comprising a 
st^ for removing an oxide film from the Si sub- 
strate surface to clean the surface before supplying 10 
carbon. 

23. The method according to daim 22, wherein the 
cleaned Si surface has a Si(001)2x1 surface recon- 
struction structure. is 

24. The method according to claim 22, wherein the step 
for cleaning the Si substrate sur^ce comprises a 
step of heating to 800''C or higher under a vacuum 

of not more than 10"® Ton* or in a hydrogen atmos- 20 
phere. 

25. The method according to claim 22, wherein the step 
for cleaning the Si substrate surface comprises a 
step of irradiating the sut>strate surface with ultravi- 25 
olet rays. 

26. The method according to claim 22, wherein the st^ 
for cleaning the Si sut>strate surface comprises a 
step of exposing the Si substrate surface to at least 30 
one reactive etching gas selected from the group 
consisting of ozone and chlorine, chloride and fluo- 
rine, and fluoride gases. 

27. The method according to daim 13, wherein an 35 
abundance ratio of cajtx>n to silicon on tiie silicon 
carbide surface is controlled so that silicon atoms 
are always in excess of cartx>n atoms on the sur- 
face for growing silicon carbide when silicon arKl 
catbon are supplied to the surface of the SiC to 40 
grow 3C-SiC having a (001) face. 

28. The method according to daim 27, wherein the 
abundance ratio of caitx>n to silicon on the silicon 
carbide surface is controlled so that tiie (001) 45 
growth surface of the 3C-SiC has at least one sur- 
face reconstruction selected from the group con- 
sisting of 2x3 sund 2x5. 

29. The method according to daim 27, wherein the so 
abundance ratio of carixxi to silicon on the silicon 
carbide surface is controlled so that the abundance 
ratio of silicon atoms to cartx)n atoms on the (001) 
growth surface of the 3C-SiC is greater than 1 and 
equal to or less than 2. in an excess silicon state. ss 

30. The method according to daim 27, wherein a 
measuring means that can evaluate the surface 



structure of silicon cartiide during growth is pro- 
vided in a SiC formation apparatus to monitor the 
2x3 or 2x5 structure of the 3C-SiC(001) surface, 
and an apparatus having a mechanism for control- 
ling the abundance ratio of cartx)n to silicon on the 
SiC surface is used so that a three-fold period or a 
five-fold period is constantly observed when sflioon 
and carix>n are supplied to the surface of the SiC to 
fbrm a 3C-SiC tiiin film having a (001) f^ce. 

31. The method according to claim 13, wherein an 
abundance ratio of cart>on to silicon on the silicon 
carbide ^rface is controlled so that cartx)n atoms 
are in excess of silicon atoms on the SiC growth 
surface when silicon and cartx>n are supplied to the 
surface of the SiC to form 3C-SiC having a (11 1) 
face or an a-SiC thin film having a (0001) iace, 

32. The method according to claim 31, wherein the 
abundance ratio of cart>on to silicon on the SiC sur- 
face is controlled so that the ratio of silicon atoms to 
cartxxi atoms on the (111) growth surface of the 
3C-SiC or the (0001) growth surface of the a-SiC is 
0.5 to 1, in an excess cartx>n state. 

33. The method according to daim 31, wherein a 
measuring means tiiat can evaluate the surface 
structure of silicon carbide during growth is pro- 
vided in a SiC formation apparatus to observe the 
state of tiie 3C-SiC(1 1 1) surface, and an apparatus 
having a mechanism for controlling the ak)urKlance 
ratio of cart>on to silicon on tiie SiC surface and 
inhibiting the growtti of a crystal other tiian SiC is 
used when silicon and carix>n are supplied to the 
suriace of the SiC to form a 3C-SiC thin film having 
a (1 1 1) face or an a-SiC thin fOm having a (0001) 
face. 

34. The method according to claim 1 , wherein a Si sut>- 
strate surface used for growing a silicon carbide 
thin film on tiie Si substrate surface has anisotropy 
and comprises terraces and steps. 

35. The method according to claim 34, wherein a wicHh 
of the terrace of the Si sut>stirate sur^ce is 0.5 nm 
to 100 nm. 

36. The method according to claim 34, wherein the Si 
substrate surface having anisotropy is a miecut feice 
of Si(111)or Si(001). 

37. The method according to daim 36, wherein the Si 
sut>strate surface is the miscut face of the Si(OOI), 
and an angle formed by a direction of step edges 
caused t>y miscut and a Si [1 10] crystal axis direc- 
tion is 0 to 30 degrees. 

38. The method according to daim 34, wherein an 
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SiC surface in the first step are selected for muttipie 
implantation. 

. 47. The method according to claim 42, wherein the SiC 
5 s maintained at 500^*0 or lower when implanting 
bns in the SiC surface in the first step. 

48. The method according to claim 42, wherein an 
amorphous layer is formed near the SiC surface t3y 

10 implanting ions in the SiC surface in the first step, 
and the SiC containing the amorphous layer Is oxi- 
dized in the second step. 

49. A SiC device comprising a surface having pai- 
rs terned steps and terraces and having a surface 

defect density of 10^ cm~^ or less. 

50. A SiC device comprising at least a layered structure 
in which an n-type silicon carbide crystal is formed 

so on an n-type Si 8uk>stFate surface. 



atxindance ratio of cartx)n to silicon on the silicon 
carbide surface is controlled so that silicon atoms 
are always in excess of cartx>n atoms on the sur- 
iace for growing silicon cartxde when silicon and 
cartx>n are supplied to the SiC surface to grow 3C- 
SIC having a (001) face. 

39. The method according to daim 38, wherein the 
atsundance ratio of cait>on to silicon on the silicon 
cart>ide surface is controlled so that the 3C- 
SIC(001) growth surface has at least one surface 
rearrangement selected from the group consisting 
off 2x3 and 2x5. 

40. The method according to daim 38, wherein the 
at}undance ratio of caitx>n to silicon on the silicon 
cart)id surface is controlled so that the abundance 
rati of silicon atoms to cartoon atoms on the 3C- 
SiC(001) growth surface is greater than 1 and equal 
to r less than 2, in an excess silicon state. 

41. Th method according to daim 39, wherein a 
measuring means that can evaluate the surface 
structure of silicon cart)ide during growth is pro- 
vided in a SiC formation apparatus to monitor the 
2x3 or 2x5 structure of the 3C-SiC(001) surface, 
and an apparatus having a mechanism for control- 
ling the aburxiance ratio of cartx>n to silicon on the 
SiC surface is used so that a three-fold period or a 
five-fold period is constantly observed when silicon 
and caitx)n are supplied to the surface of the SiC to 
form a 3C-SiC thin fim having a (001) feice. 

42. The method according to claim 1 , conprising a first 
step for inrplanting ions to a surface of a SiC silicon 
cart)ide crystal to introduce crystal defects in the sil- 
icon carbide crystal and a second step for heating 
the silicon carbide crystal sut>strate, to which the 
ions are implanted and the defects are introduced, 
in an oxygen atmosphere to form a silicon (cfi)Qxide 
thin film. 

43. The method according to daim 42, wherein the ion 
implanted to the SiC surface in the first step is at 
least one ion selected from the group consisting of 
oxygen, silicon, cartoon, an inert gas, nitrogen, and 
hydrogen. 

44. Th method according to daim 42, wherein a dose 
of the ions implanted in the SiC surface in the first 
step is lO"*^ ions/cm^ or mora 

45. The method according to daim 42. wherein an 
energy of the ions implanted in the SiC surface in 
thefnrststep \s 1 keVto 10 MeV. 

46. The method acconfing to claim 42, wherein two or 
more types of energies of the ions implanted in the 



51. The SiC device according to claim 50, wherein a 
resistivity of the n-type Si substrate is lO^Q • cm or 
less. 

52. The SiC device according to claim 50, conprising 
at least a Schottky diode comprising a layered 
structure in which an n-type silicon carbide crystal 
is formed on an n-type Si substrate surfece. 

Amended daims 

1 . A method for manu^cturing a SiC device com- 
prising a step for heating a silicon cart^de crystal In 
an oxygen atmosphere to form a silicon (di)Qxide 
thin film on a silicon carbide crystal surface, and a 
step for removing the silicon (dli)oxide thin film 
formed on the silicon carbide crystal surface tsy 
etching to expose a clean surface of the SIC. 

2. The method according to claim 1, comprising a 
first step for Implanting ions to at least a part of a 
surface of a SiC sifioon cart>tde crystal to introduce 
crystal defects near the SiC crystal surface to form 
an amorphous layer, a second step for heating the 
SiC crystal, to which the ions are implanted and the 
defects are introduced and which contains the 
amorphous layer, in an oxygen atmosphere to form 
a silicon (di)0K]de thin film on the SiC crystal sur- 
face, and a third step for etching the silicon {di)Qxide 
thin film formed on the SiC crystal surface. 

3. The method according to daim 2, wherein the ion 
implanted to the SiC surface in the first step is at 
least one gas selected from the group consisting of 
oxygen, silicon, caitx>n. an inert gas. nitrogen, and 
hydrogen. 
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4. The method according to claim 2, wherein a dose 
of the ions implanted to the SiC surfece in the first 
step is 10"*^ ions/cm^ or more. 

5. The method according to claim 2, wherein an 5 
energy of the ions implanted to the SiC surface in 
the first step is 1 keVto 10 MeV. 

6. The method according to claim 2. wher^n two or 
rmre types d energies of the ions implanted to the io 
SiC surface in the first step are selected for multiple 
implantation. 

7. The method according to claim 2. wherein a tem- 
perature of the SiC is maintained at 500**C or lower is 
when implanting ions to the SiC surface in the first 
step. 

8. The method according to claim 2. wherein a part 

of the SiC surface is masked and a portion where 20 
ions are implanted patterned when ions are 
implanted to the SiC surface in the first step. 

9. The method according to claim 2. wherein at 
least one factor selected from the group consisting 2s 
of an energy of the in^anted Ions, ion species, and 

ion density is different depending on a place on the 
SiC surface and patterning is performed when ions 
are implanted to the SIC surface in the first step. 

30 

10. The method according to claim 1 , wherein a sil- 
icon carbide surface on which patterned steps and 
terraces are formed by an etching treatment is 
heated in an oxygen atmosphere to form a silicon 
(di)oxide thin film on the silicon carbide crystal sur- 35 
face, and the defects introduced by the etching 
treatment are removed by further etching the silicon 
(di}oxide thin film formed on the silicon carbide 
crystal surface. 

40 

11. The method according to claim 10. wherein the 
etching treatm^ Is performed by at least one 
method selected from the group consisting of reac- 
tive ion etching, ion milling, plasma etching, laser 
etching, mechanical cutting, and mechanical grind- 45 
ing. 

12. The method according to claim 1 . comprising a 
first step for supplying cart>on to a Si sutsstrate sur- 
face maintained at low temperature to form a thin so 
film containing cartx>n on the Si suk)strate surfece. a 
second step tor heating the Si substrate surface to 
cause a solid phase reaction t>etween the Si sub- 
strate and the thin film containing cartx>n to carbon- 
ize the Si substrate surface to form silicon carbide, ss 
and a third step for supplying carbon and silicon 
after cart>onization to grow silicon carbide so as to 
obtain a silicon cartxde crystal film on the Si suk> 



strate. 

13. The method according to claim 12. wherein the 
Si sut)strate surface is maintained in a terrperature 
range of a liquid nitrogen temperature, -ISS^'C, to 
600*C. 

14. The method according to claim 12. wherein the 
thin film formed on the Si substrate surface by the 
first step contains caitx>n corresponding to a thick- 
ness of a 1 -atomic layer to 20-atomic layers. 

15. The method according to claim 12. wherein the 
thin film formed on the Si sut>strate surface by the 
first step is an amorphous thin film containing car- 
bon. 

16. The method according to claim 12, wherein a 
substance containing cartx>n supplied to the Si sut>- 
strate surface in the first step contains at least 
molecular cartx)n. 

17. The method according to claim 12, wherein the 
Si sut>strate surface is heated to a temperature 
rangeof800*>Cto 1414''C. the melting pointof Si, in 
the second step. 

18. The method according to claim 12. wherein a 
tenrperature increase rate between GOO^'C and 
1000*'C is 20*'C/min. to SOO^'C/min. when heating 
the Si substrate surface in the second step. 

19. The method according to claim 12, wherein at 
least the first and the second ^eps are carried out 
under a vacuum of not more tfmn 10'^ Torr. 

20. The method according to claim 12, wherein at 
least the first and second steps are carried out by a 
molecular beam epitaxy (MBE) process under vac- 
uum, and the third step or a part of the third step is 
carried out by a chemical vapor deposition (CVD) 
process providing a fast growth rate. 

21. The method according to dsum 12, conprising 
a step for removing an oodde film from the Si sub- 
strate surface to clean the surface before supplying 
caston. 

22. The method according to daim 21 , wher in th 
cleaned Si surface has a Si(001)2x1 surface recon- 
struction structure. 

23. The method according to daim 21 , wherein the 
step for deaning the Si 8ut>strate surface comprises 
a step of heating to 800''C or higher under a vac- 
uum of not more than 10*^ Torr or in a hydrogen 
atnK>sphere. 
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24. The method according to claim 21 . wherein the 
step for cleaning the Si substrate surface comprises 
a step of InBdiating the substrate surface with ultra- 
violet rays. 

5 

25. The method according to claim 21 , wherein the 
step for cleaning the Si substrate surfiace conq3rises 
a step of exposing the Si substrate surfece to at 
feast one reactive etching gas selected from the 
group consisting of ozone and chlorinei chloride io 
and fluorine, and fluoride gases. 

26. The method according to claim 12. wherein an 
atxjndance ratio of cartx>n to silicon on the silicon 
cart^ surface is controlled so that alicon atoms is 
ar always in excess of cartoon atoms on the sur- 
face for growing silicon cartxde when sifioon and 
cartx>n are supplied to the surtoce of the SiC to 
grow 3C-SiC having a (001) face. 

20 

27. The method according to claim 26. wherein the 
abundance ratio of caitxm to silicon on the silicon 
caibid surliace is controlled so that the (001) 
growth surface of the 3C-SiC has at least one sur- 
face reconstruction selected from the group con- 2S 
sisting of 2x3 and 2x5. 

28. The method according to claim 26. wherein the 
abundance ratio of cartx>n to silicon on the silicon 
carbide surface is controlled so that the abundance so 
ratio of silicon atoms to cartx>n atoms on the (001) 
growth surface of the 3C-SiC is greater than 1 and 
equal to or less than 2, in an excess silicon slate. 

29. The method according to claim 26. wherein a 35 
measuring means that can evaluate the surface 
structure of silicon cartxde during growth is pro- 
vided in a SiC formation apparatus to monitor the 
2x3 or 2x5 structure of the 3C-SiC(001) surface, 
and an apparatus having a mechanism for control- 40 
ling the atxindance ratio of carbon to silicon on the 
SiC surface is used so that a three-fold period or a 
five-fold period is constantly observed when silicon 
and carix>n are supplied to the surface of the SiC to 
form a 3C-SiC thin fQm having a (001) face. 4S 

30. The method according to daim 12, wherein an 
abundance ratio of cart>on to silicon on the silicon 
carbide surface is controlled so that carbon atoms 

ar in excess of silicon aton^ on the SiC growth so 
surface when silicon and cartx>n are supplied to the 
surface of the SiC to form 3C-SiC having a (111) 
face or an a-SiC thin film having a (0001) face. 

31 . The method according to daim 30. wherein the 55 
atxjndance ratio of carix)n to silicon on the SiC sur- 
face Is oontroQed so that the ratio of silicon atoms to 
cartx>n atoms on the (111) growth surface of the 



3C-SiC or the (0001) growth suriace of the a-SiC is 
0.5 to 1, in an excess cartxm state 

32. The method according to claim 30, wherein a 
measuring means that can evaluate the surface 
structure of silicon carbide during growth is pro- 
vided in a SiC formation apparatus to ot>serve the 
state of the 3C-SiC(1 11) suriace. and an apparatus 
having a mechanism for controlling the abundance 
ratio of cartDon to silicon on the SiC surface and 
inhibiting the growth of a crystal other than SiC is 
used when silicon and cartxm are supplied to the 
surface of the SiC to form a 3C-SIC thin f Dm having 
a (11 1) face or an a-SiC thin film having a (0001) 
face. 

33. The method according to claim 1 . wherein a Si 
sut^strate surface used for growing a silicon carbide 
thin film on the Si substrate surface is a miscut face 
of Si(001]. an angle formed by a direction of step 
edges caused by miscut and a Si [1 10] crystal axis 
direction is 0 to 30 degrees, and the Si substrate 
surface has anisotropy and conprises terraces and 
steps. 

34. The method according to claim 33. wherein a 
width of the terrace of the Si sut)strate surface is 0.5 
nmtolOOnm. 

35. The method according to daim 33, wherein 
roughness is formed by an etching treatment on the 
Si substrate surface to introcbjce terraces and steps 
having arisotropy. 

36. The method according to daim 33, wherein an 
at)undance ratio of cartx>n to silicon on the siHcon 
cartMde suriace is controlled so that silicon atoms 
are always in excess of cartx>n atonr^ on the sur- 
face for growing silicon carbide when silicon and 
cartx)n are supplied to the SiC surface to grow 3C- 
SiC having a (001) f^ce. 

37. The method according to claim 36. wherein the 
abundance ratio of cartxwi to silicon on the silicon 
carbide surface is contrdled so that the 3C- 
SiC(001) growth surface has at least one suriace 
rearrangement selected from the group consisting 
of 2x3 and 2x5. 

38. The method according to claim 36. wherein th 
abundance ratio of cartxMi to silicon on the sifioon 
cart)ide surface is controlled so that the abundance 
ratio of silicon atoms to cartx>n atoms on the 3C- 
SiCKOOl) growth surface is greater than 1 and equal 
to or less than 2. in an exicess stiioon state 

39. The method according to cieum 37, wherein a 
measuring means that can equate the surfece 
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structure of silicon carbide during growth is pro- 
vided in a SiC formation apparatus to monitor the 
2x3 or 2x5 structure of the 3C-SrC(001) surface, 
and an apparatus having a mechanism for control- 
ling the abundance ratio of carbon to silicon on the 5 
SiC surface is used so that a three-fokJ p^iod or a 
five-fold period is constantly ot>served when silicon 
and cartxxi are supplied to the surface of the SiC to 
form a 3C-SiC thin film liaving a (001) face, 

10 

40. The method aocording to daim 1 , conprising a 
first step for implanting ions to a surface of a SiC sil- 
icon carbide crystal to introduce aystal defects in 
the silicon carbkje crystal and a second step for 
heating the silicon cartnde crystal sut>strate. to is 
which the ions are inrplanted and the defects are 
introduced, in an oxygen atmosphere to form a sili- 
con (di)oxide thin film. 

41 . The method according to claim 40. wherein the 20 
ion implanted to the SiC surface in the first step is at 
least one ion selected from the group consisting of 
oxygen, silicon, cartx>n, an inert gas, nitrogen, and 
hydrogen. 

25 

42. The method according to claim 40. wherein a 
dose of the ions implanted in the SiC surface in the 
first step is 10"*^ Ions/cm^ or more. 

43. The method according to claim 40. wherein an 30 
energy of the ions implanted in the SiC surfece in 
the first step is 1 keV to 10 MeV. 

44. The method according to claim 40. wherein two 

or more types of energies of the ions implanted in 35 
the SiC surface in the first step are selected for mul- 
tiple implantation. 

45. The method according to claim 40. wherein the 
SiC is maintained at 500^*0 or lower when implant- 40 
ing ions in the SiC surface in the first step. 

46. The method acoorcGng to claim 40, wherein an 
amorphous layer is formed near the SiC surface by 
implanting ions in the SiC surface in the first step. 45 
and the SiC containing the amorphous layer is oxi- 
dized in the second step. 

47. A SiC device, wherein a 3C-SiC [110] (Si(lower 
portion)C(upper portion)) direction of a SiC silicon so 
carbide film formed on a Si substrate is parallel to a 
short Si [1 1 0] direction parted by step edges among 
anisotropic Si [1 1 0] directior^ of the sut>strate. 

48. The SiC device according to claim 47. connpris- ss 
ing a surface having patterned steps and terraces 
and having a surface defect density of 10® cm'^ or 
less. 



49. The SiC device according to daim 47. compris- 
ing at least a layered structure in which an n-type 
silicon carbide crystal is formed on an n-type Si 
substrate surface. 

50. The SiC device aocording to daim 49, wherein 
a resistivity of the n-type Si substrate is 1 opQ • cm 
or less. 

51 . The SiC device according to daim 49, compris- 
ing at least a Schottky diode comprising a layered 
structure in which an n-type silicon carbide crystal 
is formed on an n-type Si substrate suriiaca 

Statement under Art. 19.1 POT 

1. In order to darify the difference between the 
present invention and all the references indicated in 
Search Report, in claim 1 , " a step for etching the 
silicon (di)oxide thin film formed on the silicon car- 
bide crystal surface" is amended to "a step for 
removing the silicon (di)oxide thin film formed on 
the silicon carbide crystal surfoce by etching to 
expose a clean surface of the SiC". This amerKJ- 
ment is grounded on page 9. lines 12-25 of the orig- 
inal specification. Thus, the present invention can 
provide a spedaf action and effect of renrtoving a 
defect portion tfiat are not described in the refer- 
ences (See page 9, lines 12-25 of the original spec- 
ification). 

2. The original claim 8 is deleted because it is incor- 
porated into daim 2. 

3. The original daims 36 and 37 are deleted and 
incorporated into the original claim 34 to make 
amended daim 33. 

4. Amended claim 35 is grounded on page 44, line 
18 to page 45. line 1 of the original specification. 

5. Amended daim 47 is grounded on page 41, line 
14 to page 43, line 24 of the original specification. 
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